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Deleted in liver cancer-1 (DLC1) is found to be deleted in many primary human 
tumors and in human hepatocellular carcinoma (HCC) cell lines, which suggests that 
it is a tumor suppressor gene for these cancers. The DLC1 cDNA encodes a 1091- 
amino acid protein which has a sterile alpha motif (SAM) domain at its N-terminus. 
The SAM domain of DLC1 (henceforth called DLC1-SAM) is the subject of this 
dissertation. 
SAM domain is a protein-protein interaction module of ~ 70 amino acid 
residues that can be found in many proteins the functions of which range from signal 
transduction to transcriptional repression. SAM domains are known to interact with 
various biomolecules, such as proteins, RNAs and even lipid. DLC1-SAM shares very 
low sequence identity with other SAM domains.  
We have determined the solution structure of DLC1-SAM using triple 
resonance NMR techniques. The overall 3D structure is similar to those of other SAM 
family members. However, DLC1-SAM consists of only four helices, instead of the 
five helices that are usually found in almost all other SAM domains. Additionally, the 
orientation of helices in the DLC1-SAM structure is different from that of other SAM 
domains. The solution structure of DLC1-SAM provides a basis for the determination 
of potential residues that are involved in interactions with a novel binding partner, 
EF1A1, of the SAM superfamily. The solution structure of DLC1-SAM as well as the 
resonance assignment of the native DLC1-SAM is the prerequisite for the study of the 
equilibrium unfolding of DLC1-SAM.  
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We have studied the urea-induced unfolding of DLC1-SAM by various 
biophysical methods, such as CD, fluorescence emission spectroscopy and NMR. The 
unfolding curves obtained from CD and tryptophan intrinsic fluorescence emission 
coincided within experimental error. It seemed that the unfolding of DLC1-SAM 
followed a simple two-state mechanism， but the NMR data suggested a different 
mechanism. For most residues with resolved resonances of the native and denatured 
states in the entire range of urea concentrations, there is a pronounced lag between the 
disappearing population of the native species and the appearing population of the 
denatured species. The sum of the populations of both native and denatured forms is 
not equal to unity in the transition zone, suggesting that at least one intermediate state 
is involved in the equilibrium unfolding. The equilibrium unfolding intermediate is 
confirmed not to be large aggregates by analytical ultracentrifugation experiments, 
and it might have fluorescent properties similar to those of the denatured state. 
Analysis of the free energy values for different residues shows that in the transition 
from the native state to non-native states, the C-terminal helix is somewhat more 
stable than the other parts of the protein, whereas in the transition from the native and 
intermediate states to the denatured state, the stabilities of different residues are 
similar except for the region surrounding residues D37 – F40 which has lower 
stability and is more readily denatured at high urea concentrations. Analysis of the 
midpoints of the transitions shows that the unfolding of the native state and formation 
of the denatured state are not cooperative and the unfolding of a few residues seems to 
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Chapter 1 Introduction 
In this chapter, the biological context of deleted in liver cancer 1 (DLC1) gene and an 
important domain of its protein product, the sterile alpha motif (SAM) domain are 
introduced. The basic principles of protein NMR spectroscopy will also be presented. 
1.1 Biological context 
The DLC1 gene is considered to be a potential tumor suppressor gene for 
hepatocellular carcinoma (HCC) and many other cancers. A putative protein-protein 
interaction module, SAM domain, is located at the N-terminus of the protein product 
of DLC1 gene. 
1.1.1 DLC1 gene and its biological functions 
DLC1 gene is first identified through representational difference analysis in 
1998 by Yuan et al. (Yuan et al. 1998). DLC1 gene is found to be mapped to human 
chromosome 8p21.3-p22 and the protein product is a 1091-residue protein. Given that 
its protein product is 92.5% identical to the rat p122-RhoGAP in amino acid sequence, 
the human DLC1 is proposed to be the human homologue of rat p122, which acted as 
a GTPase activating protein (GAP) for RhoA (Homma and Emori 1995; Yuan et al. 
1998). 
DLC1 gene, as its name implied, is often deleted in many primary human 
HCC cell lines and in human tumors, such as prostate, colon, breast, ovarian, lung, etc. 
(Wilson et al. 2000). Genes that are frequently deleted in cancers are often thought to 
be tumor suppressor genes. In normal adult tissues, the DLC1 gene is expressed, but 
the expression is either reduced or abrogated in many of the cancer cells mentioned 
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above (Yuan et al. 1998; Ng et al. 2000; Yuan et al. 2003). Moreover, in vitro growth 
of liver tumor cells is inhibited by the over-expression of DLC1 (Park et al. 2003). 
These observations suggest that DLC1 is a candidate of tumor suppressor gene for 
HCC and many other cancers. 
The human DLC1 gene contains a Rho GAP domain (Homma and Emori 
1995) and at least two other potential functional motifs, a StAR-related lipid-transfer 
(START) domain (Ponting and Aravind 1999) and a SAM domain. RhoGAP functions 
as a molecular switch involved in regulation of diverse cellular functions. It 
inactivates Rho GTPases functions by promoting GTP hydrolysis. The START 
domain is a protein module of  210 residues that binds lipids. It is involved in lipid 
transport (phosphatidylcholine) and metabolism, signal transduction and 
transcriptional regulation. SAM domain will be introduced in details in the following 
paragraphs. 
1.1.2 SAM domain and its biological functions 
A SAM domain is located at the N-terminus of the protein product of DLC1 
gene. SAM domains are protein modules of ~ 70 amino acid residues found in diverse 
proteins which functions as scaffolding proteins, transcriptional regulators, 
translational regulators, tyrosine kinases and serine/threonine kinases (Bork and 
Koonin 1998). The structure of SAM domain is comprised of four or five α-helices.  
SAM domains are known to be protein-protein interaction modules and 
exhibit various protein-protein binding modes. Some SAM domains can interact with 
each other to form homo- or hetero-oligomeric structures (Stapleton et al. 1999; 
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Thanos et al. 1999; Kim et al. 2001; Kim et al. 2002; Ramachander et al. 2002). Some 
SAM domains show the ability to interact with non-SAM domain-containing proteins. 
In addition to the ability to bind proteins, new functions of SAM domains are being 
discovered. Recent studies found that the SAM domain of Smaug could bind RNA 
(Aviv et al. 2003; Green et al. 2003), while the SAM domain of p73 is involved in 
lipid binding (Barrera et al. 2003).  
1.1.2.1 SAM domain-protein interaction 
Some SAM domains are known to self-associate and able to form multiple 
self-interacting architectures. Early crystal structures of SAM domains from Eph 
receptor revealed the dimeric structure of EphA4-SAM (Stapleton et al. 1999) and 
even potential oligomeric structure of EphB2-SAM (Thanos et al. 1999). However, the 
self-association for both SAM domains in solution is rather feeble (Kim and Bowie 
2003). As a strong evidence for homotypic SAM-SAM interaction, left-handed, 
head-to-tail helical polymers have been discovered in the SAM domains of a 
transcriptional repressor, translocation Ets leukemia (TEL) (Kim et al. 2001) and a 
polycomb group protein, polyhomeotic (ph) (Kim et al. 2002). The polymer interface 
has two different surfaces on both SAM domains: the mid-loop (ML) surface 
consisting of residues in the middle of the sequence of the proteins, and the end-helix 
(EH) surface located around the C-terminal helix. Except for the homo-polymeric 
structures mentioned above, SAM domains of Ste4 and Byr2 were found to bind to 
each other to form a 3:1 Ste-LZ-SAM: Byr2-SAM complex (Ramachander et al. 
2002). 
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In addition to SAM-SAM association, SAM domains also interact with 
non-SAM domain-containing proteins (Stein et al. 1996; Hock et al. 1998; Stein et al. 
1998; Chakrabarti et al. 1999; Zhang et al. 2000; Kasten and Giordano 2001; Hackzell 
et al. 2002; Nagaya et al. 2002; Baker et al. 2003; Wei et al. 2003; Foulds et al. 2004; 
Matsuda et al. 2004; Zhang et al. 2004; Fritz and Radziwill 2005; Hosoda et al. 2005; 
Fei et al. 2006; Testoni and Mantovani 2006). For instance, the SAM domain of BAR 
(bifunctional apoptosis regulator) has been found to be required for BAR’s 
interactions with Bcl-2 and Bcl-XL and for suppression of Bax-induced cell death in 
both mammalian cells and yeast (Zhang et al. 2000). An intact PNT domain (moniker 
of SAM domain) of Ets2 specifically recognized a Cdc2-related kinase, Cdk10 
(Kasten and Giordano 2001). In addition, the Ets2 PNT domain directly interacted in 
vitro with the C-terminal region of Brg-1, and the binding is dependent on 
phosphorylation of residue Thr72 in Ets2 PNT domain (Baker et al. 2003). In these 
studies, molecular details as to how SAM domains interact with their binding partners 
have not been extensively investigated. The possible binding sites on protein 
complexes have been explored only in several studies. For instance, the SAM domain 
of Ets2 is found both necessary and sufficient to bind the C-terminal domain of 
CREB-binding protein, and more specifically, this binding required the fifth helix 
sequence of Ets2–SAM (Matsuda et al. 2004). Testoni B. et al. confirmed the 
association between NF-Y and the SAM domain-containing protein p63 in 
physiological setting using immunoprecipitation assay, and several p63 single amino 
acid mutants in the SAM domain (L518F, G534V, T537P and Q540L) are found to 
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abolish the interaction between NF-Y and p63. Three residues, G534, T537 and Q540, 
are on the surface of the SAM domain and in close proximity to one another (Testoni 
and Mantovani 2006). It is likely that these residues are located on the protein-protein 
binding interface. 
1.1.2.2 SAM domain-RNA interaction 
Recently, researchers have found that a region in Smaug, consisting of a 
SAM domain and a pseudo HEAT analogous topology (PHAT) domain, is sufficient 
for binding RNA. On the Smaug-SAM domain, a cluster of positively charged 
residues could form the RNA-binding surface. However, removal of the PHAT 
domain of Smaug seriously affected the RNA binding affinity (Aviv et al. 2003; 
Green et al. 2003). Strong evidence for SAM domain-RNA binding came from the 
study of a Smaug homolog in yeast, Vts1, which specifically and strongly binds to a 
nos RNA hairpin. The isolated SAM domain is able to bind the RNA hairpin 
independently with essentially the same affinity as the full length Vts1 (Aviv et al. 
2003). Together, these results have suggested a novel function of SAM domains as a 
RNA-binding module. 
1.1.2.3 SAM domain-lipid interaction 
As studies on the biological functions of SAM domains are still ongoing, 
new functions are emerging as well. In recent years, the SAM domain of p73α 
(p73-SAM) is believed to be involved in protein-lipid interactions. The binding 
involved protein surface attachment and partial membrane penetration, accompanied 
by changes in the p73-SAM structure (Barrera et al. 2003). 
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Taken together, SAM domain is a protein module with diverse functions. 
However, for some SAM domains, such as SAM domain of DLC1, little is known 
about their biological functions and 3D structures. Thus, it remains a major challenge 
for researchers to determine their structures and assign new functions to those SAM 
domains.  
1.1.3 Structures of SAM domains  
Despite the functional diversity, as well as varying levels of sequence 
identity, SAM domains characterized to date possess a significant degree of structural 
similarity.  
Inspection of the ribbon models of representative SAM domains of Ste50 
(Grimshaw et al. 2004), polyhomeotic (Kim et al. 2002), EphB2 receptor (Thanos et 
al. 1999) and p73 (Wang et al. 2001) illustrates some common and variable attributes 
that exist amongst the larger family of SAM domains. As shown in Figure 1.1, the 3D 
structures of most SAM domains are characterized by five helices arranged in a 
globular manner. Although the core bundle of five helices is clearly preserved in most 
SAM domains, for some specific members, plasticity in this fold is also apparent with 
the significant variation in the length of helices, the absence of helix 2 (yellow) and 
the inclusion of an additional helix at the N-terminus (purple). For example, the 
C-terminal helix 5 of hEphB2-SAM is much longer than that of the mEts1-SAM, 
possibly because the C-terminal helix 5 of hEphB2-SAM may play an important role 
in its self-association (Stapleton et al. 1999; Thanos et al. 1999). In addition, helix 2 is 
present in most SAM domains, but not in the SAM domains of Ets-1 and TEL. 
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Figure 1.1 Ribbon diagrams of the structures of representative SAM domains. SAM domains from EphB2 receptor tyrosine kinase (PDB 
code 1B4F), p73 (PDB code 1COK), polyhomeotic (PDB code 1KW4), STE50 (PDB code 1UQV), Ets-1 (PDB code 1BQV), TEL (PDB code 
1LKY) and DLC2 (PDB code 2H80) are shown. The five helices of the canonical SAM domain structure are illustrated as follows: helix 1, red; 
helix 2, yellow; helix 3, green; helix 4, cyan; helix 5, blue. An N-terminal α-helix (purple) is present in the Ets-1 SAM domain. The Figure was 
made using MOLMOL (Koradi et al. 1996).  
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Interestingly, in these two SAM domains, residues corresponding to helix 2 of other 
SAM domains form a helical-like turn (Figure 1.1), allowing a similar contribution of 
the non-polar sidechains to their hydrophobic cores. Furthermore, at the N-terminus of 
the SAM domain of Ets1, an additional helix is present (shown in purple). This helix 
is an integral component of the Ets1-SAM, as evidenced by NMR-based structural 
and relaxation studies and its presence is required for proper protein expression and 
folding (Slupsky et al. 1998). However, such a helix is not included in most other 
SAM domains. Recently, solution structures of SAM domain of murine and human 
DLC2 have also been determined (Kwan and Donaldson 2007; Li et al. 2007). The 
DLC2-SAM domain lacks what would be the third helix of a canonical, five-helix 
SAM domain. Besides, the first two helices pose in such a unique orientation that a 
helical hairpin is formed and situated approximately parallel to the C-terminal 
canonical helix 5. These differences result in a structure that resembles an anti-parallel 
four-helix bundle rather than a typical SAM domain structure. The SAM domain of 
human DLC1 shares most of its amino acid sequence with SAM domain of DLC2 
(76% sequence identity). Hence, the overall structures of the two SAM domains 
should be very similar. However, there are still structural differences and thus resulted 
in the functional diversity of these two SAM domains (to be addressed in 3.3.4).  
Taken together, SAM domains from different proteins possess a significant 
degree of structural similarity, yet differences in protein 3D structures are apparent, 
which result in surface variations that may contribute to the wide range of biological 
functions specific to each SAM domain. The structure of DLC1-SAM will expand our 
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view on the structure and biological functions of SAM domains. 
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1.2 Protein structure determination by NMR spectroscopy 
Nuclear magnetic resonance spectroscopy, most commonly known as NMR 
spectroscopy, is the technique which studies magnetic properties of certain nuclei, 
such as 1H, 13C, 15N, 19F and 31P, etc. in a magnetic field. The application of NMR 
spectroscopy in structural biology has made tremendous advances in the past decade.  
Lots of efforts have been made to study both the structure and the dynamics of 
proteins. Major improvements in NMR hardware (such as magnetic field strength and 
cryoprobes) and NMR methodology, combined with biochemical methods for the 
preparation and isotope labeling of recombinant proteins have drastically expanded 
the application of NMR spectroscopy. NMR spectroscopy is now not only one of the 
most powerful techniques for providing atomic details of proteins, but also an 
effective method to exploit important aspects of protein dynamics over a wide range 
of time-scales; and it can also be applied to investigate questions related to protein 
unfolding and folding. 
This part of the dissertation does not aim to provide a comprehensive 
overview of all NMR studies that have been done in the past few years, but rather 
serves to give readers a general idea of the basics of NMR spectroscopy and the 
protein structure determination by NMR spectroscopy. 
1.2.1 Fundamentals of NMR spectroscopy 
Although different detecting techniques and probes are used in NMR 
spectrometers, the basic theory of NMR is common to all experiments and nuclei. In 
the following section, the basic principles of NMR are described.  
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1.2.1.1 NMR phenomenon 
NMR is a physical phenomenon based on the quantum mechanical magnetic 
properties of an atom's nucleus. Nuclear spin (I) of a nucleus is the total nuclear 
angular momentum quantum number, which may be integer or half-integer (0, 1/2, 1, 
3/2, 2, etc.). The basic requirement for an NMR active nucleus is that it should 
possess a non-zero spin quantum number. Only nuclei with spin number I ≠ 0 can 
absorb or emit electromagnetic radiation. A nucleus with an even mass A and even 
charge Z (e.g. 12C, 16O, 32S) has a nuclear spin I of zero, and thus is NMR inactive. A 
nucleus with a nuclear spin I > 1/2 (e.g. 2H, 10B, 14N) possesses electric quadrupolar 
moment in addition to its magnetic moment. The electric quadrupolar moment 
interacts with electric field and produces a very efficient mechanism for nuclear spin 
relaxation which results in NMR signal broadening and in extreme cases no signal or 
effect on other nuclei can be observed. A nucleus with a nuclear spin I of 1/2 (e.g. 1H, 
13C, 15N, 31P) gives simple and easily interpretable NMR signals. The most commonly 
measured nuclei in NMR spectroscopy are 1H, 13C and 15N, although nuclei from 
isotopes of some other elements, such as 19F and 31P, can also be observed (Wüthrich 
1986). 
When placed in a magnetic field B0, NMR active nuclei with a nuclear spin 
of 1/2 orient parallel or antiparallel to the external magnetic field B0. Spins can jump 
from one orientation to the other, absorbing or emitting the energy equal to the energy 
difference between two possible orientations, in the form of electromagnetic radiation. 
The NMR resonant frequency (energy of the emission or absorption) and the intensity 
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of the signal are proportional to the strength of the applied magnetic field B0. NMR 
signal sensitivity is directly related to gyromagnetic ratio γ, a constant for each 
particular type of nucleus. Signal sensitivity is proportional to γ3. Among the three 
widely utilized nuclei, 1H has the largest magnetogyric ratio γ. The magnetogyric ratio 
of 1H is four times that of 13C and ten times that of 15N (Roberts 2000). 
1.2.1.2 Basic NMR parameters 
What interested biologists the most is how NMR spectroscopy can be 
exploited to determine the structure of biomolecules and to study its dynamics and 
folding.  In this context, some important basic NMR parameters which correspond to 
different types of interactions of nuclei in a magnetic field (i.e. chemical shift, 
J-coupling, nuclear Overhauser effect, hydrogen exchange and relaxation) are 
described in the following sections. 
1.2.1.2.1 Chemical shift 
Chemical shift is caused by the interaction between nuclear spins and the 
electronic field surrounding it.  Electrons surrounding a nucleus create a small 
magnetic field which shields the nucleus from the external field B0. Therefore, the 
resonance frequencies for different nuclei are slightly different, reflecting different 
chemical surroundings. As a consequence, different nuclei in a molecule resonate at 
slightly different frequencies and appear in the spectrum at different positions. Since 
this frequency shift is proportional to the strength of the magnetic field B0, it is 
converted into a field-independent value known as the chemical shift.  
In a molecule, each nucleus with its unique chemical environment has its 
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own characteristic chemical shift. By understanding different chemical environments, 
the chemical shift can be attributed to a specific nucleus. This process is called 
assigning the spectrum. In addition, chemical shift deviations of Hα, Cα, Cβ from 
“random coil” values are good indicators for the propensity of the amino acid 
sequence to form certain regular secondary structure (Wishart and Sykes 1994b). 
1.2.1.2.2 J-coupling 
Some of the most useful information for resonance assignments in a 
one-dimensional NMR spectrum comes from J-coupling (also known as scalar-, 
indirect-, or spin-spin coupling). This coupling is caused by the interaction of nuclear 
spins connected by chemical bonds, that is, a nucleus exerts magnetic interactions on 
another nucleus that is connected to it by covalent bonds, resulting in slightly altered 
energy levels of each spin. This gives rise to the splitting of NMR signals. In practice, 
J-coupling for protons can be observed if the coupling between nuclei is less than 
three bonds apart in flexible molecules. 
J-coupling provides insights into the connectivity of nuclei and the number 
of neighboring NMR active nuclei in a molecule. J-coupling, together with the 
chemical shift, is commonly used to identify amino acid residue types. In more 
complex spectra where amino acids have similar chemical shift patterns, J-coupling is 
often the only way to distinguish different amino acid residues. In addition, 
3
J-couplings (nuclei that are separated by three covalent bonds) are well-correlated 





J(Hα, Hβ) define the backbone angle φ and sidechain angle χ1 in proteins, 
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providing information about the conformation of peptide backbone and sidechains. 
Furthermore, 
3
J(HN, Hα) provides valuable information on the secondary structure of 
proteins. In folded proteins, β-strand structures are featured by large coupling 
constants in the range of 8 ~ 10 Hz, while α-helical structures are characterized by 
coupling constants in the range of 3 ~ 5 Hz. In unfolded proteins, however, the 
coupling constants are about 6 ~ 7.5 Hz as the coupling constants are averaged by 
conformational fluctuation (Dyson and Wright 2001). Taken together, the J-coupling 
is crucial for the identification of spin systems and the determination of local chemical 
structures in a molecule. 
1.2.1.2.3 Nuclear Overhauser Effect (NOE) 
The nuclear Overhauser effect (NOE) is caused by cross relaxation between 
dipolar coupled spins as a result of spin-spin interactions through space, that is, the 
local field at one spin is affected by the presence of neighboring spins. The intensity 
of NOE is dependent on the distance between two spins. It is proportional to the 
inverse sixth power of the distance between interacting spins (1/r6). For protons, NOE 
can be detected if two spins were separated by a distance of less than 5 Å. For 
inter-proton distances larger than 5 Å, NOE is usually too small to be observed. In 
other words, NOE intensities can be used to estimate inter-nuclear distances. 
Therefore, NOE is crucial for solving the 3D structure of a molecule (Evans 1995). 
1.2.1.2.4 Chemical exchange  
NMR chemical exchange studies play an important role in understanding the 
dynamics of proteins in solution. In the NMR context, chemical exchange refers to a 
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process in which a nucleus moves between two magnetically nonequivalent sites 
(states). The chemical exchange may be intramolecular or intermolecular processes. 
Protein intramolecular exchange processes include protein sidechain dynamics, 
protein folding and conformational equilibria, while intermolecular exchange 
processes include protein-ligand binding, water-protein interaction, amide proton 
exchange with solvent, amide deuterium isotope effects and protonation/deprotonation 
equilibria. Most spectroscopic methods involve displacing the system from 
equilibrium and monitoring its return to the equilibrium. However, NMR is able to 
detect chemical exchange even when the system is in equilibrium, since in NMR 
experiments, the magnetization, rather than the chemical system, is perturbed to study 
the exchange rate. 






ZZZXYZZZ , where k1 and k-1 are the rate 
constants of the forward and backward exchange reactions, chemical exchange 
usually gives rise to two distinct NMR signals for a given spin due to different 
chemical environments of A and B conformations. If the exchange rate kex is slow on 
the chemical shift time scale, two signals are observed. If the exchange rate is fast on 
the chemical shift time scale, only one signal is observed at a population-weighed 
average frequency. If the exchange rate is comparable to the chemical shift time scale, 
intermediate exchange gives rise to a much broadened signal. Therefore, the chemical 
shift difference between species and the lineshape of signals give us valuable 





In NMR spectroscopy, the term relaxation describes several processes in 
which nuclear magnetization in a non-equilibrium state return to the equilibrium 
distribution. The relaxation process is described by two rate constants, the spin-lattice 
(or longitudinal) relaxation rate constant, R1, and the spin-spin (or transverse) 
relaxation rate constant, R2, or their reciprocal relaxation times T1 and T2 (T1 = 1/R1 
and T2 = 1/R2). The spin-lattice relaxation rate constant, R1, describes the recovery of 
the longitudinal magnetization to equilibrium, or equivalently, return of the 
populations of nuclei on different energy levels of the spin system to the equilibrium 
Boltzmann distribution. The spin-spin relaxation rate constant, R2, describes the decay 
of the transverse magnetization to zero, or equivalently, the decay of transverse 
single-quantum coherences (Cavanagh 2007). Analysis of the relaxation of a system 
provides a great deal of information about the geometry and dynamics of the system. 
In addition, the relaxation constants determine the optimal conditions for the data 
acquisition of NMR experiments. The spin-lattice relaxation time, T1, is usually 
measured using inversion recovery experiments. The spin-spin relaxation time, T2, can 
be estimated from the linewidth in a 1D spectrum or more accurately measured by 
“spin-echo” experiments. 
Heteronuclear NOE is also a relaxation phenomenon. In heteronuclear NOE 
experiments, magnetization is usually transferred from a proton to a heteronucleus 
(e.g. 15N) during relaxation. The heteronuclear NOE, per se, is a cross-relaxation rate, 
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in that non-equilibrium states of one nucleus affects other nuclei. Since this NOE 
transfer rate depends on dynamics, the heteronuclear NOE is a convenient approach to 
identify flexible regions in a protein. The steady-state heteronuclear NOEs are 
calculated as the ratio of peak intensity in spectra recorded with or without proton 
saturation. 
1.2.2 The advantages and limitation of NMR structural studies  
NMR spectroscopy and X-ray crystallography are two major biophysical 
methods that provide high-resolution structures of biological macromolecules such as 
proteins and nucleic acids. The advantages of NMR spectroscopy over X-ray 
crystallography owe to the fact that molecules can be studied in solution. 
Consequently, crystallization of biomolecules is not required, and thus, there are no 
potential crystal packing effects that sometimes influence the structure (especially on 
the surface) of a protein. Additionally, solution conditions including temperature, pH 
and salt concentration can be easily adjusted closer to native-like conditions found in 
the cell so that biomolecules can be studied in its native state. If chemical denaturants 
such as GdnHCl or urea is included, protein denaturation can be studied in real time. 
More importantly, denatured states, folding intermediates and even transition states of 
a protein can be characterized using NMR methods. NMR spectroscopy also provides 
information about conformational or chemical exchange, internal mobility and 
dynamics of biomolecules. Last but certainly not least, NMR spectroscopy is very 
efficient in studying intermolecular interactions such as protein/protein, 
protein/nucleic acid, protein/ligand and nucleic acid/ligand interactions. Titrating a 
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biomolecule with its ligand induces changes of NMR parameters, such as chemical 
shifts, of the atoms near the binding site. The chemical shift perturbation therefore 
localizes possible binding sites and can also be used to determine ligand dissociation 
constant.  
However, In contrast to X-ray crystallography, the major limitation of NMR 
spectroscopy is its upper molecular weight limit for structure determination (usually 
50 kDa). Above this molecular weight, X-ray crystallography is currently the only 
effective method for high resolution structure determination.  
1.2.3 General strategy of NMR structure determination 
Protein NMR spectroscopy has become a very important technique in 
determining high-resolution structures of proteins. Structure determination by NMR 
spectroscopy usually consists of several phases, including sample preparation, 
resonance assignments, restraint collection and structure calculation, refinement and 
validation (Figure 1.2). In the following paragraphs, the general strategy of protein 
structure determination by NMR is described.  
1.2.3.1 Sample preparation 
Protein NMR is usually performed on concentrated aqueous samples of 
highly purified protein. The source of the protein can be either natural or produced in 
an expression system using recombinant DNA techniques through genetic engineering. 
Recombinant proteins are usually easier to produce in sufficient quantity; and isotopic 
labeling is possible for such proteins. A protein sample is usually over-expressed in a 







































Figure 1.2 The flowchart of protein structure determination by NMR 
spectroscopy. 
Recording NMR spectra 
(Data processing/Spectra analyzing) 
Resonance assignments 
(Backbone/sidechain/NOE assignments) 
Collection of NMR restraints 










special medium enriched with 13C and/or 15N isotopes is required; and sometimes 
2H-labeling is required for large molecules (> 25 kDa). After that, the protein is 
purified using chromatographic methods. Buffer conditions such as pH and salt 
concentration have to be optimized in order to avoid aggregation and to obtain NMR 
spectra with good quality (narrow line-width, large chemical shift dispersion). Usually 
the sample volume is between 300 to 500 microlitres with a protein concentration in 
the range 0.1 - 1 millimolar depending on the type of NMR experiment. 
1.2.3.2 Recording NMR spectra 
Protein NMR utilizes a set of heteronuclear multidimensional NMR 
experiments which correlate the frequencies of distinct nuclei to obtain structural and 
connectivity information about a protein. The NMR experiments used for protein 
structure determination fall into two main categories: (1) ‘through-bond’ experiments 
in which magnetizations transferred through chemical bonds are recorded, and (2) 
‘through-space’ experiments in which magnetizations transferred through space are 
recorded, regardless of the connection by covalent bonds. ‘Through-bond’ 
experiments are used to assign a chemical shift to a specific nucleus (1H, 15N, 13C); 
and ‘through-space’ experiments are primarily used to obtain distance restraints used 
in structure calculation. Usually, NMR measurements for protein structure 
determination are performed on a spectrometer operating at a proton resonance 
frequency of at least 500 MHz. Depending on the concentration of the sample, the 
magnetic field strength of the spectrometer and the type of the experiment, a single 
multidimensional NMR experiment with high resolution and signal-to-noise ratio 
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could take a few hours to even several days. NMR data are acquired with the 
FT-NMR method, and the raw data are processed using Fourier transformation to 
convert the time domain data to frequency domain data (i.e. NMR spectra). After that, 
the processed spectra are subjected to resonance assignments. 
1.2.3.3 Resonance assignments 
Resonance assignment is a very important step in determining the 3D 
structure of a protein. Different types of experiments have been developed to achieve 
this goal. The first step of resonance assignment is to connect spin systems in a 
sequential order before fitting them into the amino acid sequence of the protein. 
With 15N-labeled proteins, the assignment process begins with 15N-edited 
three dimensional experiments, TOCSY-HSQC and NOESY-HSQC. These 
experiments build onto the HSQC experiment, but have an additional proton 
dimension. It can be visualized as each amide proton peak in the HSQC having 
TOCSY or NOESY peaks stacked onto it. The TOCSY experiment transfers 
magnetization through chemical bonds between protons separated by three covalent 
bonds. Thus this experiment is used to build the so called spin systems. A spin system 
is a list of resonances (or chemical shifts) of the backbone and sidechain protons of a 
residue. Which chemical shift corresponds to which nucleus in a spin system is 
determined by the fact that different types of protons have their characteristic 
chemical shifts. The NOESY experiment transfers magnetization through space, it 
contains cross-peaks between any two protons that are close in space regardless of 
whether they are in the same spin system or not. Neighboring residues are inherently 
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close in space, so sequential NOEs are readily observed. Therefore, the NOESY 
experiment can be used to connect different spin systems in a sequential order. The 
limitation is that you may get the wrong sequential assignment using NOE. 
With 13C and 15N-labelled proteins, it is possible to record experiments that 
transfer magnetization across the peptide bond, and thus connect different spin 
systems through bonds. Such experiments include HNCO, HNCACO, HNCA, 
HNCOCA, HNCACB and CBCACONH. All six experiments consist of a HSQC 
plane expanded with a carbon dimension. Take HNCACB and CBCACONH 
experiments for example, the carbon dimension of the HNCACB spectrum contains 
peaks at the chemical shifts of Cα and Cβ in one residue and sometimes those in its 
preceding residue in the sequence; whereas the carbon dimension of the CBCACONH 
spectrum only contains the Cα and Cβ chemical shifts from the preceding residue. 
Thus it is possible to make the sequential assignment by matching 13C chemical shifts 
of one spin system and its preceding spin system in the protein sequence based on 
these two experiments. This procedure is usually less ambiguous than the 
NOESY-based method, since it is based on ‘through-bond’ transfer and there is no 
complication caused by interactions between spin systems that are close in space but 
are not sequential residues. After all spin systems are connected, individual residues 
can be identified by matching their spin systems with the amino acid sequence of the 
protein. Subsequently, sidechain resonances are assigned using HCCH-TOCSY, which 
is basically a TOCSY experiment resolved in an additional carbon dimension.  
After chemical shifts are assigned to nuclei using the methods mentioned 
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above, NOESY resonances are assigned based on chemical shift assignments. Manual 
assignment of NOE resonances is usually very labor intensive and time consuming, 
since proteins usually have thousands of NOE peaks. However, computer programs, 
such as CYANA (Herrmann et al. 2002) and XPLOR-NIH (Schwieters et al. 2003) 
have been developed for the automatic assignment of NOESY peaks and structure 
calculation. To obtain the most reliable assignments, it is desirable to include 13C, 
15N-edited NOESY spectra that help to resolve overlaps in the proton dimension.  
(http://en.wikipedia.org/wiki/Protein_nuclear_magnetic_resonance_spectroscopy) 
1.2.3.4 Restraint collection 
In order to calculate protein structure, a number of experimentally 
determined restraints have to be obtained. The most widely used restraints are 
distance restraints and dihedral angle restraints. Distance restraints are usually 
obtained from NOESY spectra. A cross-peak in a NOESY experiment signifies the 
spatial proximity between two nuclei. The intensity of a NOESY peak is proportional 
to the inverse sixth power of the distance between the two nuclei. Thus the intensity 
of a cross-peak can be converted into an estimated distance between two nuclei. The 
distance usually is not an exact value, but a range of distance. 
In addition to distance restraints, torsion angle restraints of the chemical 
bonds, typically φ and ψ angles, can be obtained from coupling constants using the 
Karplus equation, or they can be predicted from chemical shifts by TALOS program 
(Cornilescu et al. 1999).  
Since amide protons in a protein exchange readily with water hydrogen 
atoms, a hydrogen/deuterium (H/D) exchange reaction can be monitored by NMR 
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spectroscopy to investigate the solvent accessibility of amide protons. Buried or 
hydrogen bonded amide protons are protected from H/D exchange, thus their signals 
persist for a relatively long period of time; while signals of unprotected amides 
disappear quickly. In this regard, amide proton exchange rates can tell which parts of 
the protein are buried or hydrogen bonded. The information obtained from H/D 
exchange measurements can be used as distance restraints for structure calculation. 
(http://en.wikipedia.org/wiki/Protein_nuclear_magnetic_resonance_spectroscopy) 
1.2.3.5 Structure calculation and refinement 
The goal of NMR structure calculation and refinement is to achieve 
higher-quality structures with resolution close to that of structures determined through 
crystallography techniques. Restraints (including distance, dihedral angle and 
hydrogen bond restraints) and the amino acid sequence are used as input for the 
structure calculation. Using computer programs such as CYANA or XPLOR-NIH, one 
attempts to satisfy as many restraints as possible, in addition to general properties of a 
protein such as bond lengths and angles. Two different methods, i.e. distance 
geometry (Wishart et al.) and simulated annealing (SA), are employed for calculating 
the solution structure of a protein. The algorithms convert restraints and general 
protein properties into energy terms, and try to minimize the energy. The process 
results in an ensemble of structures that will converge to the same fold, if the data 
provided are sufficient to dictate a certain fold. Poor convergence may indicate 
problems in experimental restraints. Sometimes the problematic restraints which are 
violated need to be checked, modified or eliminated to obtain high quality structures 
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with very low conformational energy and high coordinate precision. This process is 
called “refinement of the structure”. 
1.2.3.6 Structure evaluation 
Constraint violations, coordinate precision and the Ramachandran plot are 
main criteria for protein structure evaluation. For good NMR structures, distance 
restraints should not be violated by more than 0.5 Å; and angle restraints should not 
be violated by more than 5 degrees. Coordinate precision is described by the 
root-mean square deviation (RMSD) for the atomic coordinates between structures of 
the ensemble. The RMSD of a good ensemble of structures should be small, about 0.6 
Å for backbone and 1.0 Å for sidechain heavy atoms. The Ramachandran plot 
specifies the fraction of backbone φ and ψ angles in the favored, additionally allowed, 
generously allowed and disallowed conformations based on statistical analysis of 
high-resolution crystal structures. Most φ and ψ angles should be in the allowed 
regions, a large number of φ and ψ angles in the disallowed region indicate poor 
structural quality. The Ramachandran plot is usually calculated by the PROCHECK 
program (Laskowski et al. 1996). 
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1.3 Protein folding studies 
Since 1953 when Watson and Crick presented the structure of the DNA-double helix, 
there have been great advances in the field of biochemistry. Nowadays we have a 
thorough understanding of how cells construct sequences of amino acids using the 
DNA as a template. There are also methods to determine the amino acid sequence in a 
specific protein. Proteins are synthesized in cells on the ribosome through the 
step-wise polymerization of amino acids to construct long, linear polypeptide chains. 
Unfortunately, unlike the sequencing of a specific protein, there is no easy way to 
determine the 3D structure of a protein just from its amino acid sequence. There are 
still major uncertainties and complications about how the polypeptide chain folds into 
a well defined structure necessary for a protein to become functional. Therefore, the 
protein folding problem remains a challenging and fundamental question left to be 
answered by scientists. 
The protein folding problem include the prediction of the biologically active 
structure of a protein from its sequence and the folding pathway through which it 
reaches its native structure from the denatured state (Daggett and Fersht 2003a). Since 
proteins are essential parts of an organism and participate in every process within cells, 
understanding protein folding is the key to understanding the process life itself. In 
addition, protein misfolding has been implicated in diseases such as Alzheimer’s, 
Parkinson’s and type II diabetes. Therefore, a deeper understanding of the folding and 
misfolding of proteins provides clues to understanding these diseases and helps to 
develop drugs that recognize target proteins or fix misfolded proteins. 
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1.3.1 Overview of protein folding theories 
In the following sections, the early protein folding problems and the 
“classical view” and “new view” of protein folding are reviewed. 
1.3.1.1 Anfinsen’s dogma and Levinthal paradox 
The protein folding problem was highlighted more than 40 years ago by the 
study on the in vitro protein folding of Ribonuclease A (RNase A) carried out by 
Anfinsen and his colleagues. RNase A became enzymatically inactive and the 
disulfide bonds are lost upon incubation in 8 M urea and a reducing agent. The protein 
refolded reversibly upon removal of the reducing agent and urea, and regained its 
enzymatic activity (Anfinsen et al. 1961). Based on these observations, the Anfinsen's 
dogma (also known as the thermodynamic hypothesis) is established. The dogma 
states that, at least for small globular proteins, amino acid sequence contains enough 
information for the polypeptide to fold into a specific three-dimensional structure. It 
also reveals that when protein folding occurs, the native structure is believed to have 
the minimal conformational energy compared to all other conformations in the folding 
process. Hence, an unfolded polypeptide chain would search for its most stable 
conformation, which is its native state, along the folding process (Anfinsen 1973). 
This thermodynamic control supports that the folding of proteins to their native state 
is “pathway independent” (i.e. the native structure is determined only by the final 
environmental conditions).  
According to Anfinsen’s dogma, the folding process should take a long time, 
as it requires an extensive search of all possible conformations. In 1968, Levinthal 
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pointed out that, due to the very large number of degrees of freedom in an unfolded 
polypeptide chain, the molecule had an astronomical number of possible 
conformations. If a protein is to attain its correctly folded configuration by sequential 
random search of all possible conformations, protein folding would take - even for a 
small protein of 150 amino acids - a time longer than the age of the universe to arrive 
at its correct native conformation. However, proteins fold quickly, usually in the order 
of milliseconds to minutes. Hence, the protein cannot fold by sampling all possible 
conformations. These conflicting considerations constitute the “Levinthal paradox”. 
To circumvent the Levinthal paradox, it is proposed that protein folding should not be 
under thermodynamic control but kinetic control; and it should follow the 
predetermined folding pathway and mechanisms that do not need to search all 
possible conformations (Levinthal 1968). In this regard, protein folding is “pathway 
dependent”, which contradicts the “pathway independent” folding suggested by the 
thermodynamic hypothesis.  
Nowadays, the question of how unfolded polypeptide chains reach their 
native state still remains a matter of heated debate. In order to solve this problem, 
different mechanisms have been proposed, a few of which are described as follows. 
1.3.1.2 The “classical view” and the “new view” of protein folding 
There are mainly two different views on protein folding: the “classical view” 
and the “new view”. Based on Levithal paradox, the “classical view” proposed that 
each protein has its own folding pathway, and there exist a series of partially unfolded 
intermediates. Therefore the folding of the unstructured polypeptide chain occurs step 
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by step, thus significantly reduces the effort for the conformational search. There are 
three conceptual “classical view” models commonly used to describe the events that 
occur in protein folding: the framework model, the hydrophobic collapse model and 
the nucleation condensation model. 
The framework model proposed that pieces of secondary structure are 
formed as a scaffold at early stages of the folding process (Kim and Baldwin 1982). 
After that, the rigid tertiary structure is acquired by either the diffusion, collision and 
coalescence of secondary structure units to one another (Karplus and Weaver 1976) or 
by the slow formation of a nucleus followed by the rapid propagation of the structure 
in a stepwise manner (Wetlaufer 1973).  
The framework model has been supported by the detection of equilibrium 
unfolding intermediates with a native-like secondary structure without a tight tertiary 
packing (Yamasaki et al. 1995; Bagby et al. 1998; van Mierlo and Steensma 2000; 
Quezada et al. 2004). However, further studies suggested that hydrophobic 
interactions are necessary for the stabilization of the unstable secondary structural 
segments of a protein (De Prat Gay et al. 1995). Therefore, the hydrophobic collapse 
model proposed that the initial steps in protein folding start with the collapse of 
hydrophobic parts of the polypeptide chain (Ptitsyn 1987). This will cause the chain to 
form an intermediate state from which secondary elements and the proper packing 
start to grow in a confined volume subsequently. The folding of some proteins is 
reported to support this model. For instance, long-range interactions are found in 
some hydrophobic clusters within non-native hen lysozyme (Baldwin 2002; 
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Klein-Seetharaman et al. 2002). Dynamics studies of BBL confirmed that the collapse 
of the hydrophobic core is a relatively earlier event than the acquisition of secondary 
structures (Sadqi et al. 2003).  
Both classical models were found to be incomplete since most small proteins 
fold via a simple two-state mechanism without the accumulation of folding 
intermediates (Jackson and Fersht 1991). Thus the nucleation condensation model was 
proposed. The nucleation condensation model can be considered as a hybrid of the 
two models mentioned above. According to this model, the formation of long range 
interactions and the stabilization of the secondary structure units occur simultaneously, 
that is, native-like secondary structure elements in the unfolded polypeptide become 
stabilized by long-range interactions as folding proceeds. In this way, the transition 
state is reached, followed by the rapid formation of the final native structure (Fersht 
1997). Fersht and coworkers suggested that this model might be a unifying 
mechanism for protein folding, with the framework and hydrophobic collapse models 
being extreme cases in which the secondary or hydrophobic interactions become 
over-stabilized (Daggett and Fersht 2003b). 
In the past few years, a “new view” of protein folding has emerged. The 
“new view” is based on energy landscape theory studies of simplified protein models. 
The energy landscape of protein folding is funnel-shaped (the folding funnel) with the 
native state in the bottom, corresponding to the free energy minimum and the highly 
energetic unfolded polypeptide chain on top. In the canonical depiction of the folding 
funnel, the depth of the funnel represents the energetic stabilization of the native state 
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versus the denatured state, and the width of the funnel represents the conformational 
entropy of the system (http://en.wikipedia.org/wiki/Folding_funnel).  This folding 
landscape theory resolved the Levinthal paradox by suggesting that the enthalpy and 
entropy differences between the denatured and native states restrict the 
conformational search in a limited space than through all possibilities (Dobson and 
Karplus 1999). In ideal cases where there are no energy barriers, the folding funnel 
can be smooth. The folding funnel can also be rugged with many non-native local 
minima in which partially folded proteins can be trapped and accumulated, which 
explains why under certain circumstances folding intermediates and multi-state 
kinetics can be observed (Dill and Chan 1997). The protein folding corresponds to a 
trajectory of a point that represents a protein conformation in the energy landscape. In 
this model, there is no need to assume the presence of a specific pathway for the 
folding process. Instead, different unfolded polypeptide chains follow different 
trajectories to the native state. However, it is still a long way to go to prove this new 
view.   
1.3.2 Equilibrium unfolding of proteins 
Equilibrium unfolding is the process of unfolding a protein by gradually 
changing its solution conditions, such as denaturant, temperature, pH and etc. Since 
equilibrium is maintained during the changes of the environment, the process is 
reversible. Equilibrium unfolding is commonly used to determine the conformational 
stability of a protein and the sequence of events during the protein folding process. 
1.3.2.1 Theoretical background 
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In the simplest form of equilibrium unfolding, there are only two 
thermodynamic states for the protein molecule, i.e., the native state (usually denoted 
N) and the unfolded state (usually denoted U). This model is believed to be true only 
for some small single-domain proteins (Jackson 1998). Intermediate states usually 
exist in the unfolding of large domains and multi-domain proteins.  
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with [U]eq and [N]eq the concentrations of the unfolded and native states at equilibrium, 
respectively. The equilibrium constant Keq is often used to determine the free energy 
change (ΔG) by the equation 
ΔG = − RTlnKeq,         (2) 
where R is the gas constant and T is the absolute temperature in Kelvin. Under 
conditions that favor folding (ΔG > 0), unfolded polypeptide chain spontaneously 
folds to form the native state. Therefore, the difference in Gibb’s free energy (ΔG) 
between the unfolded and the native states is a term used to describe the 
conformational stability of a protein molecule.  
The free energy difference can also be expressed with the enthalpy 
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difference (ΔH) between the unfolded and the native states and entropy changes (ΔS) 
upon unfolding: 
ΔG = ΔH - TΔS.        (3) 
Enthalpy can be considered as the energy gained by forming chemical bonds. The 
covalent peptide bonds do not contribute to the enthalpy difference between the 
unfolded and the native states since they exist in both states. However, the native state 
is stabilized by thousands of weak interactions including van der Waals interactions, 
hydrophobic interactions, hydrogen bonds, electrostatic interactions and disulfide 
bonds (Nosoh and Sekiguchi 1991). Although the individual interaction energy is low, 
a vast number of the stabilizing forces make up the favorable term of enthalpy 
difference (ΔH). 
The entropy can be described as the number of accessible states, i.e. the 
degree of conformational freedom. In the unfolded state, most stabilizing contacts are 
lost, resulting in polypeptide chains with high conformational freedom (high entropy), 
while in the native state, this conformational freedom is forfeited, resulting in low 
conformational entropy. Hence, folding of a protein is a highly entropically 
unfavoured process.  
The Gibb’s free energy difference (ΔG) between the unfolded and the native 
states is a fine balance between the enthalpy and the entropy terms. Considering the 
vast number of interaction energies and the huge entropy difference between the 
unfolded and the native states, the term ΔG defined in Equation 3 is much smaller 
than the enthalpy and entropy terms, only 2-10 kcal/mol (Pace et al. 2004). 
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1.3.2.2 Protein denaturation induced by denaturant 
One important method to study protein folding is to characterize protein 
denaturation by equilibrium experiments. Denaturation of a protein is the 
disorganizing process in which the native is changed from a regular, rigid structure to 
an irregular, flexible open polypeptide chain. Usually under physiological conditions, 
the native state is strongly favored. In order to denature a protein, conditions should 
be made favoring the denatured state. This can be done by the following methods: 
increasing the temperature, changing pH, using denaturants (e.g. urea, guanidine 
hydrochloride), inorganic salts (e.g. lithium bromide, sodium iodide), organic solvents 
(e.g. formamide, ethanol, dichloro- and trichloroacetic acids and their salts) or 
detergents (e.g. sodium dodecyl sulfate), applying high pressure, and ultrasonic 
homogenization (Tanford 1968; 1970). In this thesis, denaturant was used to induce 
protein denaturation.  
The most commonly used chemical denaturants are urea and guanidine 
hydrochloride (GndHCl). Both denaturants favor the formation of the denatured state 
by increasing its solubility in an aqueous solution. It is not yet clearly understood how 
this process is accomplished. The denaturant binding model (Tanford 1970; Pace 
1975) states that the denaturant molecules directly bind to the backbone and 
sidechains of polypeptides. In the denatured state, the backbone and sidechains are 
much more solvent exposed than in the native state, thus they can bind more 
denaturant molecules. As a result, the denatured state will be stabilized at a high 
denaturant concentration. Therefore, the driving force for denaturant-induced protein 
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unfolding is proportional to the difference in the exposed surface areas between native 
and denatured state. Another model proposed that denaturants unfold proteins by 
perturbation of the water, that is, denaturants increase the mobility of water molecules, 
and thus increase the entropy of water, which indirectly affect the protein 
denaturation. 
In many cases, urea and guanidine hydrochloride are shown to be able to 
completely unfold proteins (Tanford 1968). The denatured state has a random 
coil-like conformation with no regular secondary structure or tertiary contact. 
However, some proteins still retain local residual structures even under denaturing 
conditions (Shortle 1993; Shortle and Abeygunawardana 1993; Logan et al. 1994; 
Mok et al. 2000). 
The reversibility of folding reactions is the prerequisite for equilibrium 
unfolding studies, since equilibrium must be maintained in all steps during unfolding. 
Denaturant-induced protein unfolding is often a reversible process, that is, upon the 
removal of the denaturant the denatured protein will spontaneously fold back to its 
native state. The denaturant-induced protein unfolding is reversible because 
hydrophobic groups of the unfolded polypeptide chain are separated by the denaturant 
molecules, preventing protein aggregations that could be formed in the 
temperature-induced denaturation. 
The free energy change of denaturation must be measured to determine the 
conformational stability of a protein. However, the previously mentioned 
thermodynamic definition of free energy (i.e. ΔG = ΔH - TΔS) cannot be practically 
36  
used to determine ΔG value, since the entropic and enthalpic changes are not readily 
quantified. Instead, the equilibrium constant, Keq, is used to calculate the free energy 
change using Equation 2. An easy way to estimate the conformational stability (i.e. 
the free energy change) of protein is to assume a linear energy model during 
equilibrium unfolding (Tanford 1968; Schellman 1978). In this model, the protein 
stability is supposed to be linearly dependent on the denaturant concentration, that is, 
0G G m cΔ = Δ − ⋅        (4) 
where 0GΔ  and GΔ  are the free energy changes in the absence and presence of 
denaturant, respectively; c is the denaturant concentration, and m is a measure of the 
change in the surface area exposed to solvent upon unfolding (Myers et al. 1995). 
Hence, a low m value means that there is only a slight change in the exposed surface 
area when transforming from the native state to the denatured state.  
At the transition midpoint, [U]eq = [N]eq and ΔG = 0. According to Equation 
4,  
0
mG m cΔ = ⋅  ,       (5) 
where mc  is the denaturant concentration at the transition midpoint. Hence,  
( )mG m c cΔ = − .       (6) 
In practice, for a simple two-state equilibrium unfolding, m and cm can be 
experimentally obtained by monitoring the change in spectroscopic signals using 
biophysical techniques such as fluorescence, circular dichroism and NMR, under 
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where Na  and Da  are the intercepts of native and denatured baselines in the pre- 
and post-transition regions, while Nb  and Db  are the denaturant concentration 
dependence of the pre- and post-transition baselines (Santoro and Bolen 1988). The 
best fit of these parameters, together with m and cm, is obtained using a least-squares 
fit program. The free energy change (ΔG) in any denaturant concentration can be 
obtained from m and cm. Sometimes, the slopes are assumed to be zero, leaving four 
fitting parameters in total. In the extreme, even Da  is assumed to be zero and Na  to 
be unity, leaving only two parameters. 
In some cases, the unfolding process shows more than one transition, which 
suggests that the protein unfolding mechanism is more complex than a two-state 
reaction. This behavior is frequently observed for multi-domain proteins (Grimsley et 
al. 1997; Botelho et al. 2003) and occasionally for small peptides (Song et al. 1999). 
Sometimes only one transition is observed from the unfolding curve, yet it still does 
not prove a two-state unfolding mechanism. A simple approach to gain insights into 
the folding mechanism is to monitor the unfolding transition by different techniques 
and probes (to be addressed in 1.3.2.3) and compare the unfolding curves. 
Non-coinciding unfolding curves obtained by different spectroscopic methods and 
probes indicate that the unfolding transition is not a simple two-state mechanism and 
an unfolding intermediate is present. However sometimes, unfolding curves obtained 
from different spectroscopic methods coincide even if the unfolding intermediate is 
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indeed present (Zeeb et al. 2002). 
1.3.2.3 Three main spectroscopic techniques used for protein folding studies 
To study the protein folding mechanism in vitro, we need some biophysical 
techniques to monitor the changes in both the secondary and tertiary structures of a 
protein. In the following paragraphs, three prominent biophysical methods, 
fluorescence spectroscopy, circular dichroism (CD) spectroscopy and NMR 
spectroscopy, are introduced. 
1.3.2.3.1 Circular dichroism (CD) spectroscopy 
Circular dichroism (CD) spectroscopy is an optical spectroscopy that 
measures the difference in the absorption of left and right circularly polarized light. In 
CD experiments, polarized radiation is shone on an optically active sample. This 
polarized radiation is made up of two beams of circularly polarized vector 
components: one left polarized and one right polarized. When the polarized light 
passes through a sample with an asymmetric or chiral chromophore (optically active), 
different amounts of left and right polarized light are absorbed due to the difference in 
the extinction coefficients of the left and right polarized light (Purdie and Swallows 
1989). Thus, the transmitted left and right polarized light becomes elliptically 
polarized. The plot of molar ellipticity against wavelength makes a CD spectrum. 
In CD experiments, two wavelength regions are of interest to researchers, 
the far-UV (170-250 nm) region and the near-UV (250-300 nm) region. In the far-UV 
region, backbone peptide bond located in regular secondary structure (such as 
α-helices and β-sheet) is asymmetric, which gives rise to its characteristic CD 
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spectrum. The CD spectrum allows the measurement of the content of secondary 
structure in a protein. Upon unfolding, the ordered secondary structure collapses and 
the characteristic CD absorbance disappears. Thus, far-UV CD is a powerful tool in 
monitoring the secondary structural differences in different protein conformations. In 
the near-UV region, the aromatic amino acid residues and disulfide bonds contribute 
to the CD absorbance, which reflects the tertiary packing around cysteine and 
aromatic amino acid residues. Upon unfolding, the tertiary packing is abolished, and 
sidechains in the denatured conformation are in a symmetric environment. Thus, 
near-UV CD can be used to probe the changes in the tertiary structure of protein. 
1.3.2.3.2 Fluorescence emission spectroscopy 
When a photon strikes a chromophore, the light energy is absorbed and an 
electron is excited from the low-energy singlet ground state. The light absorbed is of 
specific energy or wavelength and is characteristic of the chromophore. The excited 
electron with energy above the lowest vibrational level of the excited state is 
dissipated through molecular vibrations and collisions with the external medium and 
the electron reaches the lowest vibrational level of its singlet excited state (internal 
conversion). Then the electron relaxes back to its ground state, meanwhile light is 
emitted. This phenomenon is called fluorescence. As energy is lost in the internal 
conversion process, the emitted light has a longer wavelength (lower energy) than the 
absorbed light. 
Fluorescence emission from proteins originates from three aromatic amino 
acid residues, tryptophan, tyrosine and phenylalanine. These three residues have the 
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common fluorophore of aromatic rings with π-electrons that can be excited by light. 
These aromatic sidechains absorb light in the range of 230-300 nm. Both tryptophan 
and tyrosine have a strong absorption band at about 280 nm. At this wavelength, 
tryptophan has much stronger fluorescence absorbance than the other two aromatic 
amino acid residues (the molar absorptivity of tryptophan is more than four times that 
of tyrosine). At 295 nm, the molar absorptivity of tyrosine is negligible compared to 
that of tryptophan. Therefore, tryptophan is the strongest and the most sensitive 
fluorescent probe, but tyrosine can also be used if tryptophan is absent in the protein, 
whereby it can serve as an intrinsic structural probe.  
Fluorescence quenching is a deactivation process where the energy that is 
supposed to be released as fluorescence emission is transferred as vibrational energy 
to the neighboring molecule instead. Tryptophan is susceptible to fluorescence 
quenching by polar solvents, such as water. Therefore, when exposed to an aqueous 
solution, the quantum yield of tryptophan is usually decreased. In addition, the 
tryptophan fluorescence can be quenched by polar groups in a protein molecule, such 
as neutral-form aspartic acid and glutamic acid residues, charged lysine and arginine 
residues, protonated and non-protonated forms of histidine, reduced and oxidized 
cysteine (Ladokhin 2000). 
Tryptophan fluorescence is sensitive to even small polarity changes in the 
molecular environment, which makes it an ideal intrinsic fluorescent probe to 
investigate the conformational changes in the tertiary structure of a protein during 
protein unfolding. Tryptophan emission maxima range from 308 to 350 nm, 
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depending on the exposure of the residue to the solvent. For a completely buried 
tryptophan, the emission maximum is of shorter wavelength. Upon unfolding, the 
polarity of the environment usually increases, and the fluorophore is transferred from 
a hydrophobic to a hydrophilic surrounding. As a result, the fluorescence signal 
intensity is often reduced. Meanwhile, the emission maximum red-shifts to a longer 
wavelength. When completely exposed to an aqueous solution, the tryptophan 
fluorescence has an emission maximum at around 350 nm. 
In summary, large changes in fluorescence intensity and the wavelength of 
the emission maximum take place during protein folding. This makes fluorescence 
emission spectroscopy a powerful tool in the study of protein folding. The major 
advantage of fluorescence spectroscopy over CD is its high sensitivity - usually a 
protein concentration of 1 μM is sufficient. The sensitivity of CD is relatively low due 
to the low signal-to-noise ratio, and thus requires higher protein concentrations. 
Moreover, buffers, chemicals (such as urea and GndHCl) and contaminants have CD 
absorbance below 210 nm, making the CD spectrum in this region unreliable.  
1.3.2.3.3 NMR spectroscopy 
Although CD and fluorescence spectroscopy provide valuable information 
about the changes in the secondary and tertiary structure during protein unfolding, the 
resolution of these spectroscopic methods are low, incapable of giving detailed 
information regarding the local unfolding. In contrast, NMR is a powerful approach 
for studying structural and dynamical changes of protein in solution at the resolution 
of individual amino acid residues. 
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Equilibrium NMR experiments are usually applied to investigate the local 
stability of native proteins indirectly by hydrogen exchange measurements. Hydrogen 
exchange is a chemical reaction in which a covalently bonded hydrogen atom of a 
protein is replaced by a deuterium atom from an aqueous solution, or vice versa. The 
most commonly studied atoms are backbone amide hydrogen atoms. The 
hydrogen/deuterium exchange method (Englander and Kallenbach 1984) assumes 
only an ‘open’ form of labile amide protons, instead of a ‘closed’ form, undergoes 
hydrogen exchange, that is, 




N H closed N H open N D⎯⎯→− − ⎯⎯→ −←⎯⎯
 
with ku and kf the local unfolding and folding rate constants, respectively, and kint the 
intrinsic exchange rate constant of an amide proton in the open form. Typically, in 
equilibrium amide H/D exchange measurements, HSQC spectra are recorded to detect 
the signal decay of amide protons while it is exchanging with the deuterium. Then the 
decaying signal intensity values are fitted to an exponential function to obtain the 
exchange rate constant, kex. The measured exchange rate constant, kex, and the 
calculated sequence-specific intrinsic exchange rate constant (Bai et al. 1993), kint, are 
typically used to determine the equilibrium constant and the free energy change for 
local transient opening of an amide (Huyghues-Despointes et al. 1999). Thus, the 
equilibrium hydrogen exchange measurements provide information about the local 
stability differences for individual amide protons. The hydrogen exchange 
measurements can also provide information about the exposure of amides to solvent 
and the participation of backbone amide protons in hydrogen bonding. An amide 
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group buried in the hydrophobic core of a protein or involved in hydrogen bonding 
exchanges slowly, whereas an amide proton on the surface and not involved in 
hydrogen bonding exchanges rapidly. If the measured exchange rate is strongly 
suppressed (> 100 times slower than the intrinsic exchange rate), the amide is 
hydrogen bonded or buried. In addition, H/D exchange has been used to characterize 
protein folding by refolding the protein under exchange conditions. It is assumed that 
the region that rapidly forms a structural element during refolding process is instantly 
protected, and thus is not open for exchange, whereas the region that refolds later is 
exposed and exchanges for longer periods of time. Thus hydrogen exchange can be 
used to determine the sequence of events in the refolding process.  
NMR spectroscopy’s greatest advantage over other spectroscopic methods is 
that it can study non-native states of proteins in solution at much higher resolution. 
The denatured state can be directly studied by NMR spectroscopy. It is characterized 
by narrow linewidths and smaller dispersion of hydrogen chemical shifts. However, 
even if the globular structure is completely lost, 15N chemical shift dispersion of the 
denatured state does not change much relatively to that of the native state. The large 
dispersion of 15N chemical shifts makes the cross-peaks for different residues well 
separated in the HSQC spectrum, thus allows the studies of the denatured state at the 
resolution of a single amino acid residue. 
Backbone assignment of the denatured state is similar to that of the native 
protein. Once complete backbone assignments are available, chemical shifts obtained 
are often compared with those of a completely unstructured polypeptide chain. If four 
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or more consecutive residues in the denatured polypeptide show significant bias 
towards α-helix or β-sheet conformation, this part of the polypeptide may have 
residual secondary structure (Wishart et al. 1992; Wishart and Sykes 1994a). In the 
analysis of chemical shifts, it is extremely important that appropriate random coil 
chemical shifts are used and the effects of the preceding and/or the following residues 
on chemical shifts should be taken into account. Random coil chemical shifts of 
common amino acid residues in the presence of urea and the sequence-dependent 
correction of chemical shifts have been quantitatively analyzed by utilizing resonance 
assignments of a set of short peptides (Wishart et al. 1995; Schwarzinger et al. 2000; 
Schwarzinger et al. 2001). This method is proved to be one of the most commonly 
used and reliable approaches for determining residual structure in non-native states of 
proteins (Shortle and Abeygunawardana 1993; Blanco et al. 1998).  
Besides chemical shift deviation from “random coil” values, 3JHNHα coupling 
constant deviation from random coil values is also a good indicator for the presence of 
residual structure as the deviation helps to identify non-random backbone 
conformation. In completely unfolded polypeptide chains, residues of the same type 
tend to have coinciding 3JHNHα coupling constants which are close to their “random 
coil” coupling constant (Arcus et al. 1995). There are two “random coil” 3JHNHα 
coupling constants for a specific amino acid residue, i.e., the external “random coil” 
value and the internal “random coil” value. The external “random coil” values are 
empirical values based on the distribution of main-chain torsion angles in a database 
of 85 protein crystal structures (Smith et al. 1996). In a protein, for each residue type 
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for which more than two 3JHNHα coupling constants are available, the internal “random 
coil” values are from experimental 3JHNHα coupling constants for the residue type 
(Mok et al. 2000). The residues which have 3JHNHα coupling constants significantly 
different from both their external and internal random coil values are probably located 
in a segment of protein with residual secondary structures. 
The presence of medium range or long range NOE contacts suggests 
deviations from random chain behavior found in completely unfolded proteins and is 
also indicative of remaining structures. For example, a study of denatured FK506 
binding protein in urea and guanidine solutions discovered a number of medium range 
αN (i, i+2) and αN (i, i+3) NOE contacts  (Logan et al. 1994), which are 
characteristic of turns and helices in proteins (Wüthrich 1986). These medium-range 
NOE contacts suggested the presence of residual local secondary structures, both 
native-like and non-native-like. In addition to medium range NOEs, long range amide 
NOE contacts were found in the exchanging unfolded state of drk SH3 domain under 
non-denaturing buffer conditions. Structures of unfolded state calculated using these 
NOEs have non-native turns and a non-native buried tryptophan residue. Upon 
treatment with 2 M guanidinium chloride, most long range NOEs disappeared, but a 
few NOEs still remained (Mok et al. 1998). 
All the above parameters are discussed with an emphasis on the 
interpretation in the denatured state of proteins. The intermediate is also an important 
milestone in the (un)folding process. It is usually an ensemble of intermediately 
inter-converting conformers, as reflected by much broadened signals (sometimes too 
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broad to be detected). Therefore, the observation of the partially structured 
intermediate state is far more difficult than that of native and unfolded states and 
requires special experimental approaches.  
In some cases, the partially structured intermediate species is compact, 
having significant levels of secondary structure, but much less tertiary packing as the 
native protein. Such partially structured species is called ‘molten globule’. For some 
proteins, molten globules were generated under mild denaturing conditions, such as 
low pH (Ptitsyn 1995; Arai and Kuwajima 2000) or by the removal of cofactors 
(Eliezer and Wright 1996; Eliezer et al. 1998). The lack of tertiary packing in many 
molten globules results in large conformational fluctuations. Thus, poor resolution 
and serious line broadening are often encountered in NMR experiments, making it 
impossible to characterize the solution structure using conventional NMR methods. 
However, line narrowing can be achieved by elevating the temperature. As a result, 
the conventional method for assigning the backbone of non-native states can be used 
to obtain detailed structural information of the molten globule (Ramboarina and 
Redfield 2003). If elevation of the temperature fails, structural information about the 
molten globule can be gained using indirect NMR methods. As mentioned before, 
H/D exchange experiments can be used to identify residues located in regions of 
secondary structure or residues involved in hydrogen bonding in the molten globule 
(Baum et al. 1989; Schulman et al. 1995; Chamberlain and Marqusee 1998). 
Additionally, HSQC experiments carried out at increasing concentrations of 
denaturants and elevated temperatures can be used to probe the relative stabilities of 
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different segments of the structure (Wang and Shortle 1995; Schulman et al. 1997; 
Redfield et al. 1999). HSQC spectra of molten globules are characterized to have very 
few sharp peaks. At increasing destabilizing conditions (i.e. increasing denaturant 
concentration and temperature), sharp peaks corresponding to the unfolded state begin 
to emerge. Peaks appearing under less harsh destabilizing conditions correspond to 
residues that are less stable in the molten globule structure. In this way, the relative 
stability of different regions is investigated by the sequence of the peak appearance. 
Similarly, HSQC experiment can also be applied to study protein folding 
residue-specifically in a quantitative way. Generally, a series of 15N-edited HSQC 
spectra at increasing denaturant concentration or elevating temperature are recorded. 
Each amino acid residue (except proline residues) gives rise to a cross-peak in HSQC 
spectra, and the fact that the population of an amide is proportional to the signal 
intensity enables the probing of the relative concentrations of different folding states 
during equilibrium unfolding (Barbar et al. 1997; van Mierlo et al. 2000; Garcia et al. 
2002; Zeeb et al. 2002; Zeeb et al. 2004; Latypov et al. 2006). Zeeb et al. used this 
approach to study folding mechanism of ORF56 (Zeeb et al. 2004). Unfolding 
transitions were monitored for 31 cross-peaks of the native state and 18 cross-peaks of 
the unfolded state. All transitions of both states showed the same cooperativity within 
experimental error and the transition of the native state mirrored that of unfolded state, 
strongly emphasizing the two-state folding mechanism of ORF56. In addition to 
confirming two-state folding mechanism, this approach is especially useful for 
proteins the folding mechanism of which is much more complicated. This method 
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provides a microscopic view of the cooperativities of equilibrium unfolding 
transitions among the native, intermediate and unfolded species. For instance, by 
using this approach, it was shown that the global unfolding of a chemically 
synthesized variant of bovine pancreatic trypsin inhibitor (BPTI) was cooperative and 
the partially folded polypeptide underwent local segmental motions (Barbar et al. 
1997). Similarly, the application of this approach to the study on the global unfolding 
of apoflavodoxin was accomplished by monitoring amide groups of 21 residues 
distributed throughout the whole apoflavodoxin structure. The transition midpoints of 
these residues were shown to coincide with each other, which suggested that the 
native protein cooperatively unfolded to an intermediate state (van Mierlo et al. 2000). 
In addition, a detailed picture of the equilibrium unfolding of a CheY mutant was 
obtained using this approach. The transition from the native to the molten globule-like 
intermediate is highly cooperative; and there are two folding subunits in the sequence 
of the intermediate state, with the C-terminal subunit experiencing unfolding first and 
the N-terminal subunit remaining in its collapsed, globular conformation in the 
intermediate state (Garcia et al. 2002). Likewise, NMR results obtained from studying 
the denaturant-induced unfolding of oxidized horse cytochrom c directly confirmed 
the accumulation of the intermediate state and facilitated the identification of whether 
a residue maintained native-like or denatured-like structural features in the 
intermediate state. This shed light onto the structural properties of the equilibrium 
intermediate with details (Latypov et al. 2006). In the unfolding studies mentioned 
above, the HSQC spectrum at each denaturant concentration or temperature was 
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dominated by cross-peaks from native and denatured states, and no cross-peaks 
corresponding to the intermediate state were observed. However, in the unfolding 
study of P19INK4d, cross-peaks for amide groups that were originated from neither the 
native state nor the denatured state were found. This clearly and directly revealed the 
presence of a third species at moderate urea concentrations (Zeeb et al. 2002).  
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1.4 Scope of research and outline of the thesis 
SAM domain has been implicated in various critical biological processes. So 
far little structural information is known about the SAM domain of DLC1. Although 
the solution structure of DLC2-SAM is determined recently, its structure alone cannot 
explain the functional difference between DLC1-SAM and DLC2-SAM. The solution 
structure of DLC1-SAM will address this problem and allow detailed inspection of 
possible functional sites on DLC1-SAM. Hence, an objective of the present study is to 
determine the solution structure of DLC1-SAM and to elucidate the structure-function 
relationship.  
SAM domain is an interesting model to study protein folding and stability. 
SAM domain exists in thousands of proteins, however, little has been studied on its 
folding. So far, temperature-, denaturant- and pH-induced unfolding of the SAM 
domain of p73 and urea-induced unfolding of the SAM domain of MAPKKK Ste11 
were studied with different biophysical techniques (Barrera et al. 2002; Bhunia et al. 
2008).  
Desirable characteristics of DLC1-SAM (high solubility, relatively narrow 
line-widths) allow detailed characterization of the folding process at a high resolution 
using a variety of heteronuclear multidimensional NMR experiments. Thus another 
objective of the thesis is to study the equilibrium unfolding of DLC1-SAM. In the 













Chapter 2 Materials and Methods 
2.1 Media 
M9 minimal medium (1 L) used in the present study contained NH4Cl (1 g), Glucose 
(1~ 4 g), CaCl.2 (0.0111 g), MgSO4 (0.24 g), Na2HPO4 (6.78 g), KH2PO4 (3 g), NaCl 
(0.5 g), minimal vitamin stock solution (10 mg thiamine), 100 mg ampicillin and 
distilled deionized water. Other media included LB broth and LB agar. Media 
preparation followed the instructions from manufacturers. 
2.2 Expression vector construction 
The expression plasmid pET-H and pET-M were derived from pET-32a 
(Novagen). In both pET-H and pET-M, Trx tag and S.Tag were removed; and in 
pET-M, the Nco I and EcoR V cutting sites were also removed. HIS6 tag was left for 
affinity purification of the fusion protein. The cDNA coding SAM76 (a 76-residue 
SAM domain, comprising residues from M1 to K76 in DLC1 protein sequence) and 
SAM60 (a 60-residue SAM domain, comprising residues from K17 to K76) were 
subcloned into the multiple cloning sites between BamH I and Xho I of pET-M and 
pET-H vectors, respectively. HIS6 tag was fused to the N-terminus of these two 
proteins.  
For vector construction, the PCR product of the gene of interest and the 
vector were double digested by BamH I and Xho I (New England Biolab) at room 
temperature for 3 hrs and subsequently purified by QIAquick Gel Extraction Kit 
(Qiagen). Ligation was then carried out at room temperature for 4 hrs in the presence 
of T4 DNA Ligase (New England Biolab). The ligation product was transformed into 
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E. coli DH5α for colony screening. Plasmids were amplified in E. coli DH5α and 
purified by QIAprep Spin Miniprep Kit 250 (Qiagen). The products of all steps were 
monitored by agarose DNA electrophoresis. Positive colonies were selected and 
confirmed by PCR and double digestion. The DNA sequence was confirmed by 
automated DNA sequencing. 
2.3 Expression and purification of DLC1-SAM 
2.3.1 Expression of DLC1-SAM in E. coli 
Recombinant long and short SAM domains (i.e. SAM76 and SAM60) were 
expressed in an E. coli strain, BL21(DE3). A single colony of host cells was 
inoculated into 10 ml LB medium containing 100 μg/ml ampicillin and allowed to 
grow overnight at 37 °C with shaking. About 5 ml overnight culture was inoculated 
into 1 liter fresh LB medium with ampicillin (100 μg/ml). Cells were allowed to grow 
at 37 °C with vigorous shaking (180 ~ 200 rpm) until the optical density at 600 nm 
(OD600) reached ~ 0.5. One milliliter culture was taken out as the uninduced control. 
IPTG was added to the rest of the culture to a final concentration of 1 mM to induce 
the over-expression of the protein. Then cells were allowed to grow for 4 ~ 5 extra 
hours. One milliliter induced cell culture was also taken out. This sample, as well as 
the uninduced control, was centrifuged; and the pellets were later subjected to 
SDS-PAGE analysis to confirm the over-expression of the protein. The rest of the 1 L 
culture was harvested by centrifugation at 6,000 rpm for 30 minutes at 4 °C. The cell 
pellet was collected and the supernatant was discarded. 
The expression of 15N-labeled or 15N, 13C-labeled protein was similar to that 
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of unlabeled protein. For the expression of labeled proteins, M9 minimal medium 
containing 15N-labeled NH4Cl or/and 13C-labeled glucose as the sole nitrogen or/and 
carbon sources were used instead of LB medium.  
2.3.2 Purification of DLC1-SAM 
The cell pellet was resuspended in 50 ml ice-cold lysis buffer (50 mM Tris, 
300 mM NaCl, pH 8.0) and sonicated thoroughly for 10 minutes on ice. The cell 
lysate was centrifuged at 18,000 rpm for 30 min at 4 ºC. The supernatant was loaded 
onto a 5 ml Ni-NTA resin column pre-equilibrated with the lysis buffer. After 30 
minutes’ incubation at 4 ºC, the resin was washed with 10 × bed volume of the wash 
buffer (50 mM Tris, 300 mM NaCl, 20 mM imidazole, pH 8.0). Then the His-tagged 
protein was eluted from the resin with 3 × bed volume of the elution buffer (50 mM 
Tris, 300 mM NaCl, 250 mM imidazole, pH 8.0). The eluent was dialyzed against 
sodium phosphate buffer (50 mM sodium phosphate, pH 7.0, 0.05 % 
2-mercaptoethanol) at 4 ºC until 99.9 % of the imidazole in the eluent was removed. 
Subsequently, the N-terminal His-tag in the protein was removed by cleavage with 
thrombin (Sigma, 5 unit thrombin per mg of protein) at room temperature for ~ 3 
hours. In case the thrombin digestion of the protein was not complete, the protein was 
subjected to Ni-NTA resin binding again to remove the undigested protein which had 
an intact His-tag at its N-terminus. The digested protein solution was concentrated to 
a small volume (~ 5 ml). About 2 ml of the concentrated protein was loaded to a 
size-exclusion column (Superdex 75, Amersham Biosciences) to separate SAM 
domain from impurities. The process was repeated until all sample was loaded. The 
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mobile phase was phosphate buffer (50 mM sodium phosphate, pH 7.0, 3 mM DTT) 
and the flow rate used was 1 ml/min. Peak fractions corresponding to the pure 
monomeric protein were collected and then concentrated to a protein concentration of 
~ 0.5 mM. The protein for unfolding studies was lyophilized and stored at – 80 ºC. 
During the purification of protein, SDS-PAGE was used to estimate the 
amount of protein, to confirm the completion of sonication and thrombin digestion 
and to check the purity of each eluted fractions from the size-exclusion 
chromatography. 
2.4 Dynamic lights scattering (DLS) 
Dynamic lights scattering (DLS) measurements were carried out using a 
DynaPro instrument (Protein Solutions, Lakewood, NJ) with a He-Ne laser. An 
auto-piloted run with 20 measurements at every 10 s was used. Measurements were 
performed with protein solutions (SAM60 and SAM76, concentration of ~ 1 mM) in 
50 mM sodium phosphate buffer, pH 7.0, at room temperature. DTT was added to the 
solution to a final concentration of 3 mM to inhibit the formation of inter-molecule 
disulfide bond. Protein samples (~ 12 μl) were centrifuged for 30 min at 20,000×g 
before being loaded to a 1.5 mm quartz cuvette. DLS data were analyzed using 
Dynamics 5.0 software (Protein Solutions, Lakewood, NJ). The hydrodynamic 
molecular weight was calculated using the MW model in the software. 
2.5 NMR experiments and structure calculation 
NMR samples (except those used for 2D DQF-COSY, 2D 1H TOCSY, 2D 
1H NOESY and 3D 13C-edited NOESY-HSQC experiments) of both SAM60 and 
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SAM76 contained protein (0.1 ~ 1 mM; unlabeled, 15N-labeled or 15N, 13C-labeled), 
sodium phosphate buffer (50 mM, pH 7.0), DTT (3 mM) and D2O (5%). The 
samples for 2D DQF-COSY, 2D 1H TOCSY, 2D 1H NOESY, and 3D 13C-edited 
NOESY-HSQC experiments were dissolved in 100% D2O. All NMR experiments 
were performed at 25 °C.  
For the structure determination of SAM60, the following NMR experiments 
were performed on a Bruker Avance 500 MHz spectrometer equipped with an 
actively shielded cryoprobe and pulse field gradient units: 1D NMR, 2D 1H-15N 
HSQC, 2D 1H-13C HSQC, 2D DQF-COSY, 2D 1H TOCSY, 2D 1H NOESY, 3D 
HNCACB, 3D CBCA(CO)NH, 3D CC(CO)NH-TOCSY, 3D H(CCO)NH-TOCSY, 
3D HCCH-TOCSY, 3D 15N-edited TOCSY-HSQC, 15N-edited NOESY-HSQC and 
13C-edited NOESY-HSQC. Except for 2D DQF-COSY, 2D 1H TOCSY, 2D 1H 
NOESY, 3D HNCACB and 3D CBCA(CO)NH, all experiments mentioned above 
were performed on SAM76 on a Bruker Avance 800 MHz spectrometer. 1D NMR, 
2D DQF-COSY, 2D 1H TOCSY and 2D 1H NOESY experiments were done using 
unlabeled protein samples. 2D 1H-15N HSQC, 3D 15N-edited TOCSY-HSQC and 
15N-edited NOESY-HSQC experiments were performed on 15N- labeled samples. The 
rest were done on 15N, 13C- labeled samples. 
One dimensional 1H NMR experiment was used to check whether SAM 
domain was folded or whether there were any changes of samples. Two dimensional 
1H-15N HSQC and 1H-13C HSQC were used as reference spectra for resonance 
assignments. Two dimensional DQF-COSY, 1H TOCSY and 1H NOESY spectra 
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facilitated the aromatic sidechain assignment of SAM60, whereas the assignment of 
aromatic sidechains of SAM76 was accomplished by employing the NOE-based 
assignment strategy with a time-shared 13C/15N-edited NOESY-HSQC experiment 
(Xu et al. 2005). The resonance assignment of backbone atoms (including amide 15N 
and 1H, and Cα) and Cβ of SAM60 was achieved by analyzing 3D HNCACB and 
CBCA(CO)NH spectra. The sequential backbone assignment of SAM76 used the 
previously-assigned backbone assignment of SAM60 as reference. The identification 
of spin systems in SAM76 and the connection between consecutive residues were 
carried out by 3D CC(CO)NH-TOCSY, H(CCO)NH-TOCSY and 15N-edited 
TOCSY-HSQC spectra and confirmed by sequential dNN (i, i+1) and dαN (i, i+1) 
NOEs in a 15N-edited NOESY-HSQC experiment. Resonance assignment of sidechain 
atoms was primarily based on 3D CC(CO)NH-TOCSY and H(CCO)NH-TOCSY 
spectra. HCCH-TOCSY experiment served to resolve the ambiguous assignment of 
aliphatic 1H and 13C spins. The 15N-edited NOESY-HSQC experiment provided NOE 
correlations between amide protons and others protons that were within a distance of 
5 Å in space of the amide proton; and the 13C-edited NOESY-HSQC experiment 
provided NOE correlations between 13C-attached protons in both aliphatic and 
aromatic sidechains.  
NOESY cross-peaks were picked and integrated in the aforementioned 
NOESY spectra and assigned using the automated assignment method CANDID 
(Herrmann et al. 2002) in CYANA (Güntert et al. 1991). CYANA performed distance 
calibration of NOE intensities, removal of “meaningless” NOE distance constraints 
57  
and automatic NOE upper distance limit violation analysis. The final structure 
calculation with CYANA was started with 100 conformers using distance constraints 
obtained from NOEs and dihedral angle restraints predicted from TALOS (Cornilescu 
et al. 1999). Simulated annealing with 15,000 steps per conformer was done with the 
torsion angle dynamics algorithm in CYANA (Güntert et al. 1997). Energy 
minimization of 10 conformers with the lowest target function values was done using 
AMBER 7.0 (Case et al. 2002). Subsequently, the structure was validated using 
PROCHECK-NMR (Laskowski et al. 1996). All NMR data were processed with 
NMRPipe (Delaglio et al. 1995) and analyzed with NMRView (Johnson 2004). The 
structure was illustrated with MOLMOL (Koradi et al. 1996). 
2.6 Structure-based alignment and Structural comparison 
Pairwise structure-based alignment was carried out using the CATH (Class 
Architecture Topology Homology) server (http://cathwww.biochem.ucl.ac.uk) (Pearl 
et al. 2005). Multiple structure-based alignment was performed using the structure 
database comparison program DALI (http://www.ebi.ac.uk/dali/) (Holm and Sander 
1998). 
2.7 Biophysical experiments for unfolding studies 
2.7.1 Sample preparation 
All biophysical experiments were performed at 25 °C in a buffer containing 
70mM sodium phosphate and 3 mM DTT at pH 7.0. For denaturation followed by CD 
and fluorescence, a series of samples containing 20 μM (for CD measurements) or 3 
μM (for fluorescent measurements) protein were prepared by adding 1 mM protein 
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stock solution to premixed solutions of urea and buffer. Urea concentration was 
calculated from the refractive index of the solution using the following equation:  
[urea] = 117.66·n + 29.753·n2 + 185.56·n3, 
where n represents the difference between the refractive index of urea solution and the 
buffer in which urea was dissolved (Warren and Gordon 1966). Denaturation followed 
by NMR spectroscopy was performed by dissolving the lyophilized protein in 
premixed solutions of urea and buffer. The final protein concentration was ~ 0.5 mM. 
Samples were allowed to equilibrate for 2 hours before spectra recording.  
2.7.2 Fluorescence emission spectroscopy: data acquisition  
Fluorescence spectra were recorded between 300 nm and 450 nm upon 
excitation at 280 and 295 nm for each sample on a Perkin-Elmer LS-50B 
luminescence spectrometer. A cuvette with 0.5 cm path-length was used. Excitation 
and emission slit widths were both set to 4 nm. The fluorescence emission intensities 
at 345 and 358 nm (excitation at 280 nm) and intensities at 347 and 358 nm 
(excitation at 295 nm) were plotted against the urea concentration to create the 
denaturation curves monitored by fluorescence spectroscopy. 
2.7.3 CD spectroscopy: data acquisition 
Far-UV CD spectra were recorded on a Jasco J-810 spectropolarimeter 
equipped with a thermal controller. Urea-induced unfolding was monitored at 222 nm 
with a 0.1 cm path-length cuvette and at 0.1 nm spectral resolution. Each spectrum 
represented an average of 10 scans; and the scan rate was 20 nm/min. The equilibrium 
denaturation curve was obtained by plotting the change of ellipticity at 222 nm against 
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urea concentration. 
The equilibrium denaturation curves obtained using fluorescence and CD 
spectroscopies were analyzed by a two-state mechanism. In the pre-transition (urea 
concentration < 2 M) and post-transition (urea concentration > 6 M) regions, the 
optical properties can be considered unaltered, namely, the intercept ( Na ) and slope 
( Nb ) in the pre-transition regime are equal to 1 and 0, respectively; and the intercept 
( Da ) and slope ( Db ) in the post-transition regime are both 0. The experimental data 
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with cm being the transition midpoint and m, the cooperative index.  
2.7.4 Resonance assignment of denatured protein 
Experiments used for the resonance assignment of urea-denatured SAM 
domain were performed at a protein concentration of 0.5 mM in a buffer containing 
50mM sodium phosphate and 7 M urea at pH 7.0, 25 °C. The experiments used 
included a 2D 1H-15N HSQC, a 3D 15N-edited TOCSY-HSQC and a 3D 15N-edited 
NOESY-HSQC. 
2.7.5 NMR spectroscopy: data acquisition, processing and analysis 
All NMR experiments were performed using a Bruker Avance spectrometer 
with a 1H frequency of 800.15 MHz. For each sample the NMR probe was tuned and 
matched, the magnetic field was shimmed, and 90 degree pulse width was calibrated. 
Before and after the acquisition of 2D spectra, 1D spectra were recorded to check if 
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there was any change in the sample.  
For each NMR sample, one HSQC spectrum was recorded. In the 1H 
dimension of 1H-15N HSQC experiment, 1280 complex data points were acquired, 
whereas in the indirect 15N dimension 256 complex data points were collected. The 
spectral width was 9,615 and 1,460 Hz in t2 and t1, respectively. The HSQC 
experiment with 32 scans took about 4 hours to complete. NMR data were apodized 
using a Gaussian multiplication in both t2 and t1 and zero-filled to obtain a final 
point-to-point resolution of 1.2 Hz in F2 and 0.7 Hz in F1, respectively. The resulting 
spectrum was baseline-corrected in the F2 dimension. Cross-peak volumes were 
determined using the nonlinear spectral lineshape modeling option in the 
NMRpipe/NMRDraw software package (Delaglio et al. 1995). 
Transverse relaxation times (T2) for amide protons and relaxation times in 
the rotating frame (T1ρ) for amide 15N were measured for each NMR sample. The spin 
lock power level for 15N T1ρ measurement was 1,600 μs. T1ρ values of amide 15N 
atoms were determined by measuring the intensities of cross-peaks in HSQC spectra 
acquired at five different relaxation delays between 10 ms to 240 ms. To measure T2 
values of amide protons (HN), we inserted a spin-echo element [tau-180sel-tau] in the 
first INEPT period in the HSQC pulse sequence. In the spin-echo element, tau is the 
relaxation delay and 180sel denotes a selective 180º 1H pulse with a REBURP shape 
profile which selectively refocuses amide protons. This selective pulse removes the 
scalar coupling interaction between HN and Hα protons. Although the chemical shift 
anisotropy (CSA)/dipole cross-correlated relaxation effect and conformational 
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exchange contribution could not be suppressed by this simple scheme, the apparent 
transverse relaxation times of HN spins during a spin-echo period can be measured. 
HN T2 values were determined by measuring the intensities of cross-peaks in HSQC 
spectra acquired at five different relaxation delays between 2 ms to 62 ms. 15N T1ρ and 
HN T2 relaxation times of  each amino acid residue were obtained by fitting the 
decaying signal intensities to the following equations: 
1/( ) (0) t TI t I e ρ−=  or 2/( ) (0) t TI t I e−= ,     (9) 
where t was the delay time in ms, and I(t) and I(0) were the intensities of HSQC 
cross-peaks acquired at delay time t and zero, respectively.  
The measured HN T2 values were used to correct volumes of HSQC peaks. 
After correction, the volumes of each native peak under various urea concentrations 
were normalized from 1 to 0; similarly the volumes of each denatured peak were 
normalized from 0 to 1. In this way, the relative populations of native and denatured 
forms were obtained. 
The intensity of each 1H-15N cross-peak from the native state decreases with 
the increase of urea concentration and finally reaches zero. This is similar to the 
change of CD ellipticity at 222 nm with urea concentration. Therefore, Equation 8 
which is used for the analysis of CD and fluorescence data can be applied to analyze 
the disappearance of each native cross-peak. In this case, the disappearance of a native 
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and the emergence of a cross-peak from the denatured species can be fitted to the 
following equation: 















⎡ ⎤− −⎢ ⎥⎣ ⎦= ⎡ ⎤+ − −⎢ ⎥⎣ ⎦
,     (11) 
where N and D denote the normalized populations of the native and denatured species 
respectively, c the urea concentration, cm1 and cm2 the urea concentrations at the 
transition midpoints, and m1 and m2 the slopes at the transition midpoints of the 
disappearance of the native species and the emergence of the denatured species 
respectively.  
According to the “linear dependency model” (Tanford 1968; Schellman 
1978), ΔG10 and ΔG2u can be related to urea concentrations and transition midpoints 
cm1 and cm2, respectively, using the following equations: 
0
1 1mG m cΔ = ⋅ ,       (12) 
2 2 2( 9.57)
u
mG m cΔ = ⋅ − .      (13) 
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,    (15) 
where ΔG10 is the extrapolation of the free energy of the disappearance of the native 
state to 0 M urea, ΔG2u is the extrapolation of the free energy of the emergence of the 
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denatured state to 9.57 M urea where 100% denatured state is populated. Fitting the 
experimental data N and D to Equations 10, 11, 14 and 15 provides the 
conformational stability of the region surrounding each amino acid residue and the 
transition midpoints. The data analyses were performed using ORIGIN 8.0 (Originlab, 
Northampton, MA).    
2.8 Sedimentation velocity: data acquisition and analysis 
Protein samples were prepared by dialyzing SAM60 solutions against buffer 
solutions containing 50 mM sodium phosphate, 200 mM sodium chloride, 0.1% 
β-mercaptoethanol and various concentrations of urea (0 M, 4 M and 8M) at pH 7.0. 
The final concentration of protein was ~ 15 μM. Protein samples (420 μl) and 
reference solutions (dialysis buffer solutions, 440 μl) were loaded into standard 
double-sector centerpieces (12 mm optical path length), and mounted in a Beckman 
An-50 Ti rotor. Sedimentation velocity experiments were performed at 20°C on a 
Beckman Coulter XL-I analytical ultracentrifuge operating at a rotor speed of 42,000 
rpm. Data were collected in a continuous mode, at a single wavelength of 280 nm. 
The partial specific volume of the protein was calculated based on the amino acid 
composition, and the density of the solvent was calculated from the chemical 
composition of the buffer. Multiple scans at different time points were fitted to a 
continuous size distribution using the program SEDFIT (Schuck 2000; Schuck and 













Chapter 3 Results and Discussion 
3.1 Expression and purification of DLC1-SAM 
3.1.1 Expression and purification of SAM60 
His-SAM60 is over-expressed as a soluble protein at 37 °C. After sonication, most of 
the protein is in the supernatant while a small amount of protein is still in the pellet. 
Ni-NTA affinity chromatography successfully removes most contaminant in 
the supernatant. His-tagged SAM60 bind onto the Ni-NTA beads through the 
chelating interaction between 6 consecutive histidine residues and nickel ions 
immobilized on beads. Most of non-specifically bound proteins are removed by 
washing the column extensively with washing buffer. After His-tagged SAM60 is 
eluted from the beads, the purity of the protein is higher than 80%. Subsequently, the 
His tag and most of extra residues from the expression vector are removed after 
3-hour digestion by the enzyme, thrombin.  
Size-exclusion chromatography is employed to further purify SAM60. 
Figure 3.1a shows that most impurities are eluted before the elution volume of 70 ml. 
The peak for SAM60 is symmetric and the elution maximum of SAM60 is found at 
the elution volume of 89 ml, suggesting that SAM60 was eluted off the column as a 
monomer.  





Figure 3.1 Size-exclusion chromatograms of (a) SAM60 and (b) SAM76. y axis 
shows the UV absorbance at 280 nm of the protein. Elution maxima (ml) (89 and 86 
ml for SAM60 and SAM76, respectively) are indicated.  
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3.1.2 Expression and purification of SAM76 
The boundary of SAM domain of DLC1 is predicted to be from the 17th to 
the 76th residue (SAM60) of the DLC1 protein sequence. However, the solution 
structure of SAM60 suggests that it is likely that residues preceding the 17th residue 
(Lys17) also comprise part of the first helix. In addition, for some SAM domains, such 
as SAM domain of EphA4, the N-terminal peptide arm is shown to be crucial for its 
dimerization (Stapleton et al. 1999). Thus, a new construct of DLC1-SAM which 
included also the first 16 residues at the N-terminus of DLC1 protein sequence was 
made.  
Like His-SAM60, His-SAM76 can also be over-expressed as a soluble 
protein at 37 °C. After sonication, most of the protein is in the supernatant while a 
small amount of protein is still in the pellet. After the Ni-NTA affinity 
chromatography, the purity of the protein is increased to higher than 80%. 
In the thrombin cleavage experiment, the His-tag cannot be removed from 
all protein molecules, and a certain amount (< 10%) of the protein still has the His-tag 
at the N-terminus even after prolonged enzyme digestion. Increasing the amount of 
enzyme or changing the pH and salt concentration did not improve the digestion (data 
not shown). The mixture was subjected to Ni-NTA affinity chromatography a second 
time to remove the undigested protein. The size-exclusion chromatogram of SAM76 
is shown in Figure 3.1b. SAM76 is eluted off the column as a pure monomer. The 
yield of SAM76 is also quite high with ~ 20 mg per liter bacterial culture. 
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3.2 NMR resonance assignment of DLC1-SAM 
3.2.1 Backbone resonance assignments of SAM60 and SAM76 
By using CBCA(CO)NH and HNCACB experiments, all Cα and Cβ spin systems in 
SAM60 were connected. Figure 3.2 is an example of connected spin systems. 
HNCACB gave the Cα and Cβ chemical shifts of the same residue (i) as the amide 
group represented and the residues preceding it; and CBCA(CO)NH gave the Cα and 
Cβ chemical shifts of the preceding residue (i-1). Stretches of HSQC cross-peaks were 
connected by Cα and Cβ chemical shifts. The different stretches were fitted into the 
known amino acid sequence. All chemical shifts of Cα, Cβ and the amide group NH 
were obtained. 
Figure 3.3 shows the superposition of 1H-15N HSQC spectra of SAM60 and 
SAM76. As can be seen from these two spectra, addition of the first sixteen residues 
to the N-terminus of SAM60 moderately changed the chemical shifts of the 58 
residues (Pro29 and Pro41 did not show on the spectra). Therefore, the backbone 
assignment of SAM60 was used as reference to assign the backbone resonances of 
these 58 residues in SAM76. To perform the sequential assignment of the first 16 
residues of SAM76, 3D CC(CO)NH-TOCSY, H(CCO)NH-TOCSY, 15N-edited 
TOCSY-HSQC and NOESY-HSQC spectra were analyzed. H(CCO)NH-TOCSY 
correlated the amide group of a given amino acid residue (i) directly with all aliphatic 
protons of the preceding residue (i-1), whereas 15N-edited TOCSY-HSQC experiment 
correlated the amide proton of residue i with all protons of the same residue. 




Figure 3.2 Cα, Cβ connectivity for a stretch of residues from P29 to A32. x axis 
shows the backbone HN chemical shift and y axis shows the 13C chemical shift. 




Figure 3.3 Superposition of 1H-15N HSQC spectra of SAM60 and SAM76.The 
cross-peaks originated from SAM60 and SAM76 are colored in black and red, 
respectively.
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the 3D 15N-edited TOCSY-HSQC spectra helped to establish the connection between 
consecutive residues. A number of sequential NOEs, such as dNN (i, i+1) and dαN (i, 
i+1), are present in the through-space 15N-edited NOESY-HSQC spectrum, which 
served to confirm the sequential assignment. The backbone resonance assignment of 
almost all residues of SAM76, except the first two residues of SAM76 (Met1 and 
Cys2) which had no signal on 1H-15N HSQC spectrum is completed. Figure 3.4 and 
3.5 show the assigned 1H-15N HSQC spectra of SAM60 and SAM76, respectively. 
3.2.2 Aliphatic sidechain resonance assignment 
The aliphatic sidechain resonances were assigned by analyzing 
H(CCO)NH-TOCSY and CC(CO)NH-TOCSY spectra. HCCH-TOCSY and 1H-13C 
HSQC spectra correlated 1H resonances with their attached 13C resonances, which 
allowed the use of 13C chemical shift to confirm 1H sidechain assignment. In both 
SAM60 and SAM76, totally > 95% of the 13C and 1H resonances from aliphatic 
sidechain were assigned. All sidechain amide moieties from Gln and Asn were 
assigned by exploiting 15N-edited TOCSY-HSQC and NOESY-HSQC experiments.  
3.2.3 Aromatic sidechain resonance assignment 
3.2.3.1 Aromatic sidechain resonance assignment of SAM60 
Most aromatic sidechain protons of SAM domain resonated between 6.2-7.7 
ppm (Figure 3.6a, left panel), except the indole amide of Trp22 (at ~ 10.2 ppm) and 
Hε1 of His51 (at ~ 8.2 ppm). For Trp, Hδ1 can only be assigned through NOE with 
indole amide and Hβ.  
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Figure 3.4 Assigned 1H-15N HSQC spectrum of SAM60. x axis shows the backbone HN chemical shift and y axis shows the 15N chemical shift. 
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Figure 3.5 Assigned 1H-15N HSQC spectrum of SAM76. x axis shows the backbone HN chemical shift and y axis shows the 15N chemical shift.
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In SAM60, about 60% of aromatic sidechain resonances were 
unambiguously assigned by analyzing two dimensional 1H DQF-COSY and NOESY 
spectra. Figure 3.6 shows an example of the aromatic sidechain assignment of SAM60. 
For Tyr, Hδ and Hε were separated by 3 bonds and appeared as a 2 x 2 matrix in both 
1H DQF-COSY and NOESY spectra. Hδ was distinguished from Hε by displaying a 
strong NOE peak with Hβ of the same residue (Figure 3.6a). For Phe, among all 3 
correlating aromatic ring protons (Hδ, Hε and Hζ), only Hε was connected to two 
protons and had four DQF-COSY cross antiphase multiplets. Similar to Hδ of Tyr, Hδ 
of Phe could also be distinguished from the other two aromatic protons by displaying 
an NOE with Hβ (Figure 3.6b). In this way, resonances from three aromatic protons of 
Phe could be assigned. In an ideal case for assigning Trp aromatic sidechain 
resonances, the four aromatic ring protons, Hε3, Hζ3, Hζ2 and Hη2, should exhibit 
chemical shifts that could be distinguished from one another. Thus, in DQF-COSY, 
both H η2 and H ζ3 would all have four cross antiphase multiplets while only two cross 
antiphase multiplets would be observed for H ε3 and H ζ2. If all aromatic sidechain 
protons in SAM60 were resolved without overlapping, there should be 20 diagonal 
antiphase multiplets (from one tryptophan, two tyrosine, and four phenylalanine 
residues) on the DQF-COSY spectrum, which outnumbers the actual number of 
diagonal antiphase multiplets of 13, suggesting the occurrence of intense overlapping 
of peaks. This caused a serious problem in the aromatic sidechain resonance 
assignment of SAM60; some resonances could not be unambiguously assigned. That 
is why only ~ 60% of aromatic sidechain resonances were assigned. 
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Figure 3.6 Aromatic sidechain resonance assignment of Y35 (a) and F40 (b) using 
2D DQF-COSY and 1H NOESY spectra. The assigned aromatic protons are labeled 
on the DQF-COSY spectra in blue color, and Hβ atoms of the very same residue are 
labeled on the 1H NOESY spectra in red color. 
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3.2.3.2 Aromatic sidechain resonance assignment of SAM76 
The assignment of aromatic sidechains of SAM76 was accomplished by 
employing the NOE-based assignment strategy (Xu et al. 2005). This strategy 
assumed that for aromatic residues Hδ protons correlate much more likely with the 
amide protons of the same residue and the following one than those of other residues. 
Therefore, we made use of the intra-residue and sequential NOEs which were 
frequently observed in 3D 15N- and 13C-edited NOESY spectra, such as Hiδ- HiN, Hiδ- 
Hiβ, Hiδ- Hiα and Hiδ- Hi+1N NOEs (with subscript i the residue number), to assign 
aromatic resonances with uniformly 13C, 15N-labeled proteins. The rationale of this 
NOE-based assignment method is stated in the following paragraphs.  
The Haro-HN NOEs are different from HN-HN NOEs in that HN-HN NOEs are 
symmetry-related and thus appear in pairs in 15N-edited NOESY-HSQC, while the 
Haro-HN NOEs do not. In this way, the Haro-HN NOEs could be distinguished from 
HN-HN NOEs. Generally speaking, HiN is closer to Hiδ than to other aromatic protons. 
Thus the strongest Haro-HN NOE of a given residue was often tentatively considered to 
be an intra-residue Hδ-HN NOE (Figure 3.7a). If this aromatic proton was also found 
to have NOE with the amide proton of the following residue (Figure 3.7b) then the 
tentative assignment of aromatic Hδ would be considered correct, since sequential 
Hiδ-Hi+1N NOEs were observed for aromatic residues in most cases and chances are 
extremely low that a non-Hiδ aromatic proton with chemical shift between 6 to 8 ppm 
is close to both HiN and Hi+1N. Besides, the assignments were confirmed by 
Hiβ-Hiδ (Figure 3.7c) and/or Hiα-Hiδ (Figure 3.7d) NOEs.  
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It is worth mentioning is that even without Hiδ-HiN NOE, Hδ protons of His 
and Trp residues could be readily assigned. This is because the phases of the peaks 
corresponding to these Hδ protons in the constant-time 1H-13C HSQC spectrum are 
180º different from the phases of peaks originated from other aromatic protons. Thus 
cross-peaks from Hδ protons of His and Trp residues exhibited an opposite sign in the 
1H-13C HSQC spectrum (Figure 3.8). These opposite-signed cross-peaks could be 
distinguished from one another by the Hiβ-Hiδ and/or Hiα-Hiδ NOEs.  
The amide proton on the indole ring of tryptophan sidechain (Hε) could be 
easily identified as it showed on 1H-15N HSQC spectrum and resonated at the 
low-field end of the spectrum (~ 10 ppm). For Hε protons of Phe and Tyr, since the 
distance between the aromatic Hδ and Hε is short (< 2.6 Å), Hε- Hδ NOEs are readily 
observed on the 13C-edited NOESY-HSQC spectrum as long as chemical shifts of Hε 
and Hδ are not degenerate. Therefore, the assignment of CεHε or NεHε protons 
employed the Hε- Hδ NOE (Figure 3.7e and f) is quite straightforward. Similarly, the 
assignment of Hζ of Phe (Figure 3.7f and g) can be performed using strong NOEs 
between Hζ and Hε.  
The proton immediately neighboring Hε1 of His (Hε2) is charged and thus is 
silent in NMR spectra. As a consequence, Hε1 resonance cannot be assigned by the 
NOE with Hε2. Instead, we resorted to Hε1-Hδ2 NOE to complete the assignment since 
these two protons are very close in space. Similarly, the assignment of Hζ2 proton of 
tryptophan residue was accomplished using Hζ2 − Hε1 NOE. Subsequently, the 




Figure 3.7 Representative slices from the 13C and 15N-edited NOESY recorded on 
SAM76. Each slice is labeled with proton identities at the bottom. Cross-peaks with 




Figure 3.8 Resonance assignment of aromatic protons of SAM76. x axis shows the 
aromatic proton chemical shift and y axis shows the aromatic 13C chemical shift. 
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using strong NOEs between one proton and its immediate neighboring aromatic ring 
proton as described before. By using the NOE-based assignment strategy, all 
resonances from aromatic CH groups of SAM76 were assigned (shown in Figure 3.8). 
3.2.4 Secondary structure prediction by chemical shift index (CSI)  
Cα and Cβ chemical shifts of a residue are strongly related to the secondary 
structure of a protein. The difference between 13C chemical shifts for each residue 
obtained from NMR experiments and those reported for the same residue type in a 
“random coil” conformation is called the “secondary shift”. The secondary shift of Cα 
is usually positive for residues in α-helix, and negative for those in β-sheet. However, 
this trend is reversed in the Cβ secondary shift. Hence, the secondary shift of (Cα – Cβ) 
enhances the correlation between chemical shifts and secondary structure tendencies. 
The (Cα – Cβ) chemical shift index of SAM60 and SAM76 were calculated and the 
predicted secondary structures are shown in Figure 3.9. In SAM60, regions of 
residues 18-24, 30-39, 45-51 and 57-74 are predicted to have α-helical secondary 
structures. In SAM76, regions of residues 9-23, 30-39, 44-50 and 57-74 are predicted 
to have α-helical secondary structures. The secondary structure prediction was used to 
check the assignment of some important medium-range NOEs that defines the 
secondary structure of a region, such as dαN (i, i+2), dαN (i, i+3), dαN (i, i+4) and dαβ (i, 
i+3). 
3.2.5 NOE assignment 




Figure 3.9 Prediction of secondary structure of (a) SAM60 and (b) SAM76 using 
chemical shift index. Protein sequences and results of calculated Cα CSI using the 
threshold setting were shown, with the positive threshold highlighted in red, the 
negative threshold blue, and the zero threshold gray. The predicted consensus 
secondary structure elements were shown as cartoon below CSI. The diagram was 
created using NMRView (Johnson 2004).  
81  
NOESY-HSQC spectra were assigned using the automated NOESY cross-peak 
assignment method CANDID in CYANA (Herrmann et al. 2002). Wrong assignments 
were corrected manually and ambiguous assignments were not included in the 
structure calculation at the first instance, but were later assigned referring to the 
preliminary structure obtained by iterated structure calculation. Together, 1752 and 
2858 NOEs were assigned for SAM60 and SAM76, respectively (detailed NOE 
statistics were shown in Tables 3.1 and 3.2 and Figure 3.10). The medium-range NOE 
patterns of the sixty residues from Lys17 to Lys76 are almost the same as in SAM60 
and SAM76 (Figure 3.11), suggesting that there is little change in the secondary 
structure when the first 16 N-terminal residues are included in the SAM domain. 
From NOE patterns, regions including residues 18-25, 30-37, 43-47 and 56-74 in 
SAM60 and regions including residues 9-26, 30-38, 43-51 and 57-74 in SAM76 are 
found to assume α-helical secondary structure. The NOE patterns are consistent with 
the secondary structure as predicted by CSI, except for some minor disagreements in 
the boundaries of the third helix of SAM60 and the first helix of SAM76. Few NOEs 
were found in the region of residues from Met1-Asp7 of SAM76 except for some 
intra-residue and sequential NOEs, indicating that this region is unstructured. In 
addition to intra-residue and medium-range NOEs, a number of long-range NOEs are 
assigned, most of which are found to be between protons from residues predicted to 
be residing at the C-terminal long helix or aromatic sidechain protons and protons 
from the rest of the protein (Figure 3.10). In SAM76, a number of long-range NOEs 
are found between residues that are absent in SAM60 (i.e. Ile14, Glu15 and Ala16) 
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Figure 3.10 Plots of the number of assigned NOEs of (a) SAM60 and (b) SAM76 
as a function of the range of NOEs (i. e. the residue number difference, upper 
panel) and the residue numbers (lower panel), respectively. NOEs are classified 
according to their range, R: white, intra-residual NOEs (R = 0); light grey, sequential 
NOEs (R = 1); dark grey, medium-range (R < 5); black, long-range (R ≥ 5).  The 




Figure 3.11 Sequential and medium-range NOEs of (a) SAM60 and (b) SAM76. NOE intensities are represented by the thickness of solid 
lines. The figure was created by Cyana (Herrmann et al. 2002). 
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and residues on helix 5 (i.e. Leu66, Thr68 and Leu69). Interactions between these 
residues may result in more compact sidechain packing of SAM76 than that of 
SAM60. 
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3.3 Solution structure of DLC1-SAM 
3.3.1 NMR structure determination and description 
The structure of SAM76 is determined from 2859 upper limit distance constraints 
obtained from multidimensional NMR spectroscopy and 98 backbone dihedral angle 
constraints predicted by the program TALOS (Cornilescu et al. 1999). The best 10 
calculated structures have an average target function of 1.55 Å and no distance 
constraint violations larger than 0.25 Å or angle constraint violations larger than 5º 
can be observed, indicating that the NMR structure of SAM76 is well defined and in 
excellent agreement with experimental restraints. Statistics for the final ensemble of 
10 lowest-energy conformers are listed in Table 3.1. The total AMBER energy is quite 
low after energy minimization. The overall RMS deviations for residues 8-76 of these 
10 structures from the mean structure are 0.41 Å and 0.98 Å for backbone and all 
heavy atoms, respectively. The first 7 residues are unstructured and thus are not 
included in calculating the RMSD. Almost all residues have backbone dihedral angles 
in the allowed regions and only 0.1% is in disallowed region (Table 3.1).  
The solution structure of SAM60 is determined from 1752 upper limit 
distance constraints and 111 predicted backbone dihedral angle constraints. The NMR 
structure is well defined with the calculated average target function of 1.44 Å and the 
overall RMS deviations of the 10 lowest-energy structures from the mean structure 
are 0.34 Å and 0.98 Å for backbone and all heavy atoms, respectively. All residues 
have backbone dihedral angles within the allowed regions (Table 3.2).  
The final structure ensemble of SAM76 shown in Figure 3.12 is prepared by 
superimposing the backbone coordinates of 10 lowest-energy structures over residues 
8-76. The α-helical regions of the calculated structure agree well with that predicted 
by CSI and NOE patterns. The structure of SAM76 consists of four α-helices. 
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Table 3.1 Experimental restraints and structural statistics for 10 lowest-energy 
NMR structures of SAM76 
NMR distance and dihedral constraints 
Distance constraints 
  Intraresidue 1447 
Sequential 582 
Medium-range (1< |i-j| <5) 496 





  Total 98 
Structure Statisticsb 
Violations (mean and standard deviation) 
  Distance constraints (Å) 0.16±0.02 
  Dihedral angle constraints (°) 2.31±0.62 
  Maximum dihedral angle violation (°) 3.43 
  Maximum distance constraint violation (Å) 0.19 
Deviations from ideal geometry 
  Bond lengths (Å) 0.0112±0.0013 
  Bond angles (°) 2.13±0.08 
Total AMBER energyb (kcal·mol-1) -3031.03±30.86 
Mean RMS deviation from the average coordinatesc (Å) 
  Backbone atoms (Cα, C’, N, O) 0.41±0.13 
  All heavy atoms 0.98±0.12 
Ramachandran plotd 
In most favored region (%) 88.1 
In additionally allowed region (%) 9.9 
In generously allowed region (%) 1.9 
 In disallowed region (%) 0.1 
aGenerated by TALOS (Cornilescu et al. 1999)based on backbone-atom chemical 
shifts. 
bDetermined with AMBER 7.0 (Case et al. 2002) 
cProtein residues 8-76. 
dDetermined with PROCHECK-NMR (Laskowski et al. 1996). 
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Table 3.2 Experimental restraints and structural statistics for 10 lowest-energy 
NMR structures of SAM60 
NMR distance and dihedral constraints 
Distance constraints 
  Intraresidue 824 
Sequential 344 
Medium-range (1< |i-j| <5) 383 





  Total 111 
Structure Statistics 
Violations (mean and standard deviation) 
  Distance constraints (Å) 0.28±0.09 
  Dihedral angle constraints (°) 3.81±0.19 
  Maximum dihedral angle violation (°) 4.73 
  Maximum distance constraint violation (Å) 0.41 
CYANA target function (Å) 1.44±0.20 
Mean RMS deviation from the average coordinates (Å) 
  Backbone atoms (Cα, C’, N, O) 0.41±0.07 
  All heavy atoms 0.98±0.11 
Ramachandran plotb 
In most favored region (%) 92.7 
In additionally allowed region (%) 7.3 
In generously allowed region (%) 0.0 
 In disallowed region (%) 0.0 
aGenerated by TALOS (Cornilescu et al. 1999) based on backbone-atom chemical 
shifts. 




Figure 3.12 Solution structure of DLC1-SAM. The final structure ensemble of 
SAM76 is shown in (a) backbone line representation and (b) ribbon representation. 
The figure was created with MOLMOL (Koradi et al. 1996). (c) Structure comparison 




The helices are connected by well-defined rigid loops. The polypeptide chain began 
with an unstructured N-terminal region (residues 1-7) followed by α-helix 1 (residues 
8-26). The chain then took a turn into helix 2 (residue 29-38). From structural 
alignments, helix 3 of the canonical SAM domain appeared to be replaced by a loop 
in DLC1-SAM. After the loop region, the chain entered helix 4 (residue 44-50), and 
then reversed its direction into the long C-terminal helix 5 (residue 56-74). The helix 
numbers are defined with reference to other SAM domains. The N- and C-terminal 
helices are located on one side of the fold in the structure, with Met1 and Lys76 
defining the domain boundaries. Packing of these helices is mediated by several 
hydrophobic and aromatic residues including Ala16, Ala19, Trp22, Leu23 (in helix 1), 
Tyr31, Leu34, Tyr35 (in helix 2), Ile44, Val47 (in helix 4), Ile59, Leu62, Leu66 and 
Leu69 (in helix 5).  
The NMR structures of SAM60 and SAM76 are highly similar to each other 
(Figure 3.12c). Both proteins are all α-helical and the orientations of the four helices 
are nearly the same. However, the N-terminal helix of SAM76 is obviously longer 
than that of SAM60. Another major structural difference between SAM60 and 
SAM76 is on the boundary of helix 2. Helix 2 of SAM60 started from Pro29 and 
ended at Glu36, while helix 2 of SAM76 ranged from Try31 to Phe38.  
3.3.2 Structure comparison between DLC1-SAM and other SAM domains 
As stated in Introduction of this thesis (1.1.3), the solution structures of 
SAM domains of murine and human DLC2 have been determined recently (Li et al, 
2007; Kwan & Donaldson, 2007). As SAM domains of human DLC1 and DLC2 
shared most of their sequences (with 76% sequence identity, Figure 3.13a), 
remarkable structural similarity is observed as expected (pairwise RMSD of 2.644 Å, 





Figure 3.13 Sequence alignment of DLC1-SAM and other representative SAM domains with known structures. (a) Residues totally 
conserved in all sequences are shaded black, those conserved in most of the sequences are in dark gray, while the significant but least conserved 
ones are in light gray. Species abbreviations: hs, Homo sapiens, mm, Mus musculus; sc, Saccharomyces cerevisiae. GenBank accession number 
gi: hsDLC1, 33188437; hsDLC2,28976169; mmEPHA4, 30705030; hsEPHB2, 119615430; hsFLI1, 14603316; scSTE11, 609414; mmBAR, 
21313130; scVTS1, 74583753; hsARAP2, 16118245; mmSAMSN1, 10800126. Asterisks indicate the corresponding residues of F38, L39 and 
F40 in DLC1-SAM. (b) sequence alignment of DLC1-SAM and self-associating ph-SAM and TEL-SAM. Identical and similar residues are 
marked with * and :, respectively. The apolar residues that make up the ML and EH surfaces are green and red, respectively, and 








the third helix of a canonical five-helix SAM domain. The N- and C- terminal helices 
are much longer than helices 2 and 4 in the middle of the sequence. Both proteins 
have a bundled structure rather than a globular architecture adopted by other SAM 
domains. However, there are still a number of significant differences between the 
solution structures of the DLC1 and DLC2 SAM domains, including their surface 
charges (Figure 3.14c), lengths of helices, and structures of the loops. In DLC1-SAM, 
helix1 and helix 2 are longer than those of DLC2-SAM (Figure 3.14a). It is likely that 
helix 1 in DLC2-SAM is shorter because several N-terminal residues that might form 
part of the helix are not included in the construct of DLC2-SAM. In addition, loop 2 
and loop3 of DLC1-SAM and DLC2-SAM are significantly different: the RMSD 
between the second loops of DLC1-SAM and DLC2-SAM is 1.19 Å and the RMSD 
between the third loops of these two proteins is 1.83 Å. It is proved that this structural 
discrepancy is not due to the structural variation in the loop region among the 
ensemble of conformers. For instance, loop 2 of both DLC1-SAM and DLC2-SAM 
are well defined with very low RMSDs (0.04 Å for loop 2 of DLC1-SAM conformers 
and 0.09 Å for that of DLC2-SAM conformers) which were much lower than the 
RMSD between the second loops of DLC1-SAM and DLC2-SAM (1.19 Å). These 
structural differences between DLC1-SAM and DLC2-SAM could attribute to their 
function diversity. 
The sequence of DLC1-SAM is highly homologous to that of DLC2-SAM 
but is very different from other unrelated SAM domains. Most of these SAM domains 
adopted the canonical five-helix structures. A search of homologous structures of 
DLC1-SAM is performed recently using the structural database comparison program 
DALI (Holm and Sander 1998). The search yielded 172 proteins with structures 
similar to that of DLC1-SAM (Z-score > 2), among which most are helical proteins  
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Figure 3.14 Structural differences between DLC1-SAM and DLC2-SAM. (a) 
Superimposition of DLC1-SAM (red) and DLC2-SAM (green). The helices were 
represented as cylinders. This figure was created with PyMOL (DeLano 2002). (b) 
Superimposition of DLC1-SAM (green) and DLC2-SAM (violet). The helices were 
represented as ribbons. Helix 1, 2, 4 and 5 are labeled as H1, H2, H4 and H5, 
respectively. These helices are labeled according to the conserved folds among all 
known structures of SAM. (c) The surface of DLC1-SAM’s potential EF1A1-binding 
motif and the corresponding region on DLC2-SAM. Four hydrophobic residues A16, 
Y35, F38 and L39 in DLC1-SAM and four corresponding residues in DLC2-SAM (i.e. 
A21, Y40, S43 and Q44) are shown. Figures (b) and (c) were created with MOLMOL 
(Koradi et al. 1996). 
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with diverse functions. Only one protein, EphB2-SAM (PDB code 1b4f) is found to 
be a member of the SAM domain superfamily, suggesting that the structure of 
DLC1-SAM is very different from those of other SAM domains.  
Pairwise structure-based alignments are carried out between the 3D structure 
of DLC1-SAM and those of other SAM domains, such as Ets-1, p73α, TEL, Ste11, 
and etc., using the SSAP algorithm (Orengo et al. 1997). The SAM domain that has 
the lowest backbone RMS deviation from DLC1-SAM is Vts1-SAM (PDB code 
2b6g). The backbone RMS deviation between these two SAM domains is 3.79 Å, and 
the backbone RMS deviations between DLC1-SAM and other representative SAM 
domains listed in Table 3.3 are more than 5 Å. On the other hand, the RMS deviations 
between two representatives of SAM domains can be as low as around 2 Å. For 
instance, the RMS deviations between Ste11-SAM and two other SAM domains, 
Scm-SAM and Vts1-SAM, are 2.16 Å and 2.14 Å, respectively (Table 3.3), suggesting 
that these proteins are remarkably similar as far as the backbone arrangement is 
concerned.  
The large backbone RMS deviations confirm that structures of DLC1-SAM 
and other SAM domains have low resemblance. One reason of this structural 
dissimilarity is that the third helix of other SAM domains is replaced by a loop in 
DLC1-SAM as stated above (Figure 3.15). Besides, major difference between the 
structures of DLC1-SAM and other SAM domains is due to the orientations of the 
four helices. The structure alignment between DLC1-SAM and Vts1-SAM is used as 
an example to illustrate the differences (Figure 3.15). Both SAM domains have a very 
long C-terminal helix 5, which can be superimposed very well. Surprisingly, helices 1 
and 2 of DLC1-SAM cannot be superimposed to those of Vts1-SAM at all. Instead, 
both helices are nearly perpendicular to their counterparts in Vts1-SAM. The 
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 Ets1_MOUSE  p73_HUMAN TEL_HUMAN Ste11_YEAST Smaug_FRUIT FLY Scm_FRUIT FLY EphB2_CHICKEN EPHA4_HUMAN VTS1_YEAST 
Ets1_MOUSE (1bqv)          
p73_HUMAN (1cok) 5.38         
TEL_HUMAN (1lky) 3.12 4.75        
Ste11_YEAST (1ow5) 3.4 2.47 2.71       
Smaug_FRUIT FLY (1oxj) 10.83 2.93 10.53 2.36      
Scm_FRUIT FLY (1pk3) 4.21 3.1 3.51 2.16 2.58     
EphB2_CHICKEN (1sgg) 3.83 5.91 4.29 2.26 4.03 2.96    
EphA4_HUMAN (1ucv) 7.24 3.09 3.42 2.2 4.71 2.79 2.98   
Vts1_YEAST (2b6g) 4.45 4.47 3.35 2.14 4.36 2.77 2.67 5.26  
DLC1_HUMAN (2gyt) 5.63 7.71 6.43 5.71 14.69 8.06 5.49 6.98 3.79 
 
Table 3.3 The backbone RMS deviations between DLC1-SAM and other representative SAM domains. These representative SAM domains 
are Ets1_MOUSE (Slupsky et al. 1998), p73_HUMAN (Chi et al. 1999), TEL_HUMAN (Tran et al.), Ste11_YEAST (Donaldson), 
Smaug_FRUIT FLY (Green et al. 2003), Scm_FRUIT FLY (Kim et al.), EphB2_CHICKEN (Smalla et al. 1999), EphA4_HUMAN (Goroncy et 
al.) and Vts1_YEAST (Johnson and Donaldson 2006). The PDB ID of these SAM domains is indicated in brackets. The pairwise structure-based 




Figure 3.15 The structural comparison between DLC1-SAM (red) and Vts1-SAM 
(green). The helices are shown as cylinders. The figure was created with PyMOL 
(DeLano 2002). 
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C-terminal end of helix 4 of DLC1-SAM overlaps with the N-terminal end of helix 4 
of Vts1-SAM and the difference in the orientation of helix 4 in the two SAM domains 
is ~ 20 degree. 
3.3.3 No self-association in DLC1-SAM 
SAM domains are known as protein-protein interaction modules. Many 
SAM domains show the ability to form dimer or even polymer. Therefore, we have 
investigated whether DLC1-SAM is also capable of self-association. DLC1-SAM 
eluted from a size-exclusion column at an elution volume corresponding to a 
monomeric SAM domain (see Figure 3.1). Also, dynamic light scattering 
measurements indicated that DLC1-SAM remained monomeric even when the protein 
concentration is increased to ~ 1 mM (Figure 3.16). From DLS data, we can see that 
the concentrated SAM60 and SAM76 sample solutions remain fairly homogeneous 
and without large aggregates. The hydrodynamic radii are 1.58 and 1.79 nm for 
SAM60 and SAM76, corresponding to the molecular masses of 9.83 and 13.2 kDa, 
respectively. The measured molecular weights are close to the actual molecular 
weights of monomeric DLC1-SAM (7.9 kDa for SAM60 and 9.1 kDa for SAM76). 
The measured molecular weights are a bit larger than the actual ones, mainly due to 
the fact that the shape of DLC1-SAM is not entirely globular and there is a flexible 
peptide arm at the N-terminus of SAM76, which might increase the measured 
hydrodynamic radius and thus the molecular weights calculated based on a globular 
model. After all, DLS data suggested that DLC1-SAM is a monomer in solution. 
Much stronger evidence for the monomeric structure of DLC1-SAM came from the 
co-immonoprecipitation study done by our collaborators, which showed that 
DLC1-SAM did not interact with itself to form dimer or oligomer (data not shown). 




Figure 3.16 The size distribution of SAM60 (a) and SAM76 (b) measured by DLS. 
R (in nm) is the hydrodynamic radius. Samples contained ~ 1 mM protein, 3 mM DTT 
and 50 mM sodium phosphate buffer (pH 7.0). 
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the other SAM domains. 
The fact that DLC1-SAM does not self-associate can be explained by its 
solution structure. Structure-based sequence analogy with other self-associating SAM 
domains shows that DLC1-SAM does not contain the sequence required for 
oligomerization. For example, in the DLC1-SAM sequence, most residues 
corresponding to the hydrophobic residues that composed of the EH (end-helix) 
polymer interfaces of TEL-SAM and ph-SAM polymers are replaced by either polar 
or charged residues (Figure 3.13b). In DLC1-SAM, most apolar residues at the end 
helix 5 (potential EH-interface residues) are buried in the interior of the structure, 
except Val74 and Met75, which are nonetheless not enough for forming an EH 
interface. It is apparent that DLC1-SAM has four apolar residues (F40, I44, L46 and 
V47) identical or similar to those that make up the ML (mid-loop) polymer interfaces 
of TEL-SAM and ph-SAM. However, most part of I44 is buried underneath the 
surface of DLC1-SAM, and the exposed part is far away from the other three residues 
(Figure 3.17). Still the other three apolar residues, as well as Y31, L34 and I42, may 
make up a surface that is comparable to the ML surface of polymeric TEL-SAM and 
ph-SAM (Figure 3.17, highlighted region in the left-hand panel). Due to the lack of 
the EH surface in DLC1-SAM, the only way for DLC-1-SAM to interact with itself is 
to dimerize via the ML-like region. Unfortunately, the hydrophobic patch centered by 
Val47 is surrounded by 3 negatively charged residues, Glu50, Asp43 and Asp37. 
When two such surfaces come close to each other, these charged residues are likely to 
repel each other and could eventually prevent the formation of the dimer interface.  
As SAM domain is believed to be a putative protein-protein interaction 
module, the fact that DLC1-SAM does not self-associate suggests that DLC1-SAM 




Figure 3.17 The van der Waals surface of DLC1-SAM, illustrating potential protein-protein association interfaces. The side chains are 
colored as green = hydrophobic, blue = basic, red= acidic and gray = polar (and main chain). The figure was created with MOLMOL (Koradi et 
al. 1996). 
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domain-containing proteins. Therefore, efforts are made to determine binding partner 
of DLC1-SAM and to locate possible binding sites on DLC1-SAM based on its 
solution structure. 
3.3.4 Prediction of possible binding site on the surface of DLC1-SAM 
A novel binding partner, eukaryotic elongation factor-1A1 (EF1A1), is 
identified using protein precipitation and mass spectroscopy by the researchers in our 
laboratory and our collaborator (data not shown). The solution structure of 
DLC1-SAM provided an important clue to the potential protein binding sites. Usually, 
proteins interact through interfaces composed of complementary non-polar and 
charged/polar residues. A common type of interactive surface contains a hydrophobic 
patch surrounded by polar groups (Slupsky et al. 1998). There are three such regions 
on the DLC1-SAM surface. The first region is mentioned in 3.3.3, and consists of 6 
hydrophobic residues, Y31, L34, F40, I42, L46 and V47 and 4 charged residues, D37, 
D43, R49, and E50. The second region, which is adjacent to the first hydrophobic 
region, comprises 4 hydrophobic residues, A16, Y35, F38 and L39, and 2 charged 
residues, E36 and D37 (Figure 3.17, left panel). The third one contains several 
hydrophobic and charged residues from loop 1, loop 4 and helix 5 (F28, F53, L54, 
A58, D55 and D57, Figure 3.17 right panel). 
In order to determine the binding site on the surface of DLC1-SAM, several 
mutations were made in possible binding regions mentioned above by my labmate Dr. 
Zhang Jingfeng, and experiments were done to examine the EF1A1-binding activity 
of these mutants. The mutations are chosen on the basis of the structure and van der 
Waals surface of the protein so that the mutants could retain the 3D structure of the 
wild type protein. The result of binding activity studies suggested that the driving 
force of EF1A1-binding activity is not charge-charge interactions but hydrophobic 
101  
interactions; and the second region containing F38 and L39 might have constituted a 
key binding motif that mediates the interaction between DLC1-SAM and EF1A1 (data 
not shown, to be published). Interestingly, DLC2-SAM which has a solution structure 
very much similar to that of DLC1-SAM but lacks such a motif did not bind EF1A1 
(unpublished results from our collaborator). The counterparts of the key binding 
residues (F38 and L39) in the sequence of DLC2-SAM are polar residues, S82 and 
Q83. In the region around these two residues, there is no hydrophobic patch similar to 
the F38/L39 binding motif of DLC1-SAM (Figure 3.14c).The position and orientation 
of the sidechain of S82 in DLC2-SAM is analogous to those of its counterpart in 
DLC1-SAM (F38), however, the sidechain in Q83 of DLC2-SAM is quite far away 
from that of S82 (Figure 3.14b). This may explain why DLC1-SAM, but not 
DLC2-SAM, is capable of binding EF1A1. Taken together, solution structures of 
DLC1-SAM and DLC2-SAM may be similar, but the sequence variability between 
these two SAM domains could result in distinct patterns of binding activities. 
In conclusion, the solution structure of DLC1-SAM is unique among the 
SAM domain superfamily members and the presence of several key residues gives 
rise to its distinct function to interact with a novel binding partner. Structural studies 
on DLC1-SAM provided a new structural and functional context for this important 
SAM superfamily. 
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3.4 Equilibrium unfolding studies of DLC1-SAM60 
DLC1-SAM is a small protein, the folding of which should not be too complicated to 
be analyzed. In addition, SAM domain is present in thousands of proteins. The 
(un)folding study of DLC1-SAM may shed light on the folding, evolution and 
function of other members of the SAM domain superfamily. DLC1-SAM has very 
good NMR properties, such as high solubility and relatively narrow linewidths. These 
characteristics make DLC1-SAM an interesting model to study protein folding and 
stability. In the following paragraphs, equilibrium unfolding studies on DLC1-SAM 
using various spectroscopic techniques are described in details. 
3.4.1 Stabilities of SAM76 and SAM60 
In this thesis, the shorter DLC1-SAM, SAM60, is used for unfolding studies. 
As can be inferred from the large number of long-range NOEs found between some 
N-terminal residues and other residues in SAM76, the N-terminal helix of SAM76 has 
much more contacts with the rest of the protein when compared to that of SAM60. 
These interactions result in a more compact packing of SAM76, making SAM76 more 
stable and resistant to denaturant-induced protein unfolding than SAM60. As can be 
seen from the unfolding curves of SAM60 and SAM76 (Figure 3.18), the fraction of 
the native SAM76 remained nearly unchanged until the concentration of urea reached 
4 M; whereas the fraction of native SAM60 started to decrease at a urea concentration 
of ~ 2 M and almost half of SAM60 is denatured at 4 M urea. At urea concentration of 
7 M, all SAM60 is denatured; while only at a higher urea concentration (> 9 M) does 
SAM76 reach a plateau. Since the highest urea concentration we could get was 10 M, 
the high stability of SAM76 resulted in very limited information at very high urea 
concentration, thus caused a great deal of trouble in the data analysis and made the 
fitting result inaccurate. SAM60 has the basic architecture of DLC1-SAM, 
103  
 


















Figure 3.18 The plot of the fraction of native SAM60 (black squares) and SAM76 
(red circles) against the concentration of urea monitored by CD. The protein 
samples contained ~ 20 mM protein, 3 mM DTT, 50 mM sodium phosphate (pH 7.0) 
and various amount of urea. The fraction of native protein was calculated and 
normalized from the recorded ellipticity at 222 nm. The ellipticity is the average value 
of 10 scans. The measurements on each sample were done only once. Therefore, no 
error bar is shown for the data points. 
104  
however, it is less stable than SAM76. Therefore, SAM60 is chosen to be our subject 
of equilibrium unfolding studies. 
3.4.2 Urea-induced equilibrium unfolding followed by fluorescence and CD 
spectroscopy 
3.4.2.1 CD and fluorescence spectra of SAM60 
Circular dichroism (CD) spectroscopy allows the characterization of 
secondary structure of proteins at different conditions. Figure 3.19a shows the CD 
spectra of SAM60 in native and denaturing buffer conditions. When incubated in 
native condition, the protein exhibited a CD spectrum with two minima in ellipticity 
at 208 nm and 222 nm, reflecting a substantial amount of α-helical secondary 
structure. Both signals diminished when SAM60 is incubated in 10 M urea-containing 
buffer. The CD spectrum obtained under this condition is consistent with that of an 
unfolded protein. Thus, far-UV CD spectroscopy can be used to track the changes in 
the secondary structure of SAM60 upon unfolding. 
Fluorescence emission spectroscopy allows the probing of the local 
geometry around fluorescent chromophores as a function of external circumstances 
(temperature, pH, ionic strength, denaturant concentration, etc.), especially for 
tryptophan residue which is much more sensitive than tyrosine residue. SAM60 
contains one tryptophan (W22) and two tyrosine residues (Y31 and Y35) which cause 
the fluorescence phenomenon. Fluorescence emission spectra of SAM60 are shown in 
Figure 3.19b. When the native protein is excited at 295 nm, the maximum emission 
wavelength is at 347 nm, demonstrating that the tryptophan residue is at the protein 
surface contacting with bound water and other polar groups (Figure 3.17). The 
fluorescence emission spectrum is consistent with the solved protein solution structure. 
Upon excitation at 280 nm, the maximum fluorescence emission is observed at 343 
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Figure 3.19 CD spectra (a) and fluorescence spectra (b) of SAM60 under native 
and denaturing conditions. The protein concentration was 20 mM and 2 mM for (a) 
and (b), respectively. The buffer contained 3 mM DTT and 50 mM sodium phosphate 
(pH 7). The denaturing condition had 9 M urea, while the native condition had no urea 
in it. The emission maxima were marked in (b). 
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nm. The emission peak at 310 nm (when excited at 280 nm) and 325 nm (when 
excited at 295 nm) is caused by the buffer composition. Treating SAM60 with 9 M 
urea leads to a red shift of the fluorescence emission maximum to 358 nm (Figure 
3.19b), indicating that the protein is largely unfolded under this condition. Thus, 
alterations in the local geometry of the fluorophores in SAM60 upon unfolding can be 
monitored using fluorescence spectroscopy. 
One interesting phenomenon is that the fluorescence intensity increased 
upon unfolding. Since tryptophan fluorescence is susceptible to quenching by water, a 
decrease in quantum yield upon denaturation (when tryptophan is completely exposed 
to an aqueous solution) is expected. The increased fluorescence intensity upon 
unfolding suggested that tryptophan fluorescence is more severely quenched in the 
native state of SAM60 than it is quenched by water in the unfolded state. In fact, 
amide and peptide groups act as dynamic quenchers. In addition, a charged arginine 
residue (R65) which is a very effective dynamic quencher is also in close proximity to 
the tryptophan residue (W22) of the native protein (Figure 3.17).  
3.4.2.2 Unfolding curves obtained from fluorescence and CD spectroscopy 
coincide 
At first, the reversibility of SAM60 (un)folding is assessed by examining the 
unfolding and refolding of SAM60 by CD spectroscopy. In the refolding experiments, 
the concentrated denatured protein was diluted into various refolding buffers. The 
ellipticity at 222 nm was monitored as a function of urea concentration (2 M to 8 M). 
The unfolding and refolding curves coincided (Figure 3.20a), demonstrating that the 
folding of SAM60 is totally reversible, that is, the secondary structure of native 
SAM60, which is destroyed by urea-induced protein unfolding, could be reversibly 
restored. The reversibility of the folding reaction of SAM provides the prerequisite for 
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studying the urea-induced unfolding under equilibrium conditions. 
We monitored the alteration in the tertiary structure of protein by measuring 
fluorescence emission intensity at 343 nm and 358 nm (the wavelengths 
corresponding to the emission maxima of native and completely unfolded protein, 
respectively) upon excitation at 280 nm and those of fluorescence emission intensity 
at 347 nm and 358 nm (the wavelengths corresponding to the emission maxima of the 
spectrum of native and completely unfolded protein, respectively) upon excitation at 
295 nm. Four unfolding curves were obtained; and all curves were in close agreement 
with one another (within experimental error) (Figure 3.20b). It seemed that the three 
fluorophores in SAM60 behaved similarly during the unfolding process, and one of 
these unfolding curves was used as the alteration in the local geometry of the 
fluorophores of SAM60 upon unfolding.  
The unfolding curves obtained by CD and fluorescence emission 
spectroscopies are shown in Figure 3.21. The ellipticity and fluorescence emission 
intensity values are normalized to be from 1 to 0 to correspond to the fraction of 
native protein that remains at various denaturing conditions. Unfolding data obtained 
from CD spectroscopy showed little changes in ellipticity at 222 nm between 0 and ~2 
M urea, followed by a not very cooperative decrease in signal from ~2 M to ~ 6 M 
urea. At urea concentration > 6 M, the curve reached the plateau and no native 
secondary structure remained under such conditions. Unfolding data obtained from 
fluorescence emission spectroscopy showed the same trend as what is observed by 
using CD spectroscopy: little to no change between 0 and ~2 M urea, signal increase 
in emission intensity from ~2 M to ~ 6 M, plateau or little change in signal at urea 
concentration > 6 M. 
108  







 unfolding monitored by CD

















 excited at 280 nm, monitored at 343 nm
 excited at 280 nm, monitored at 358 nm
 excited at 295 nm, monitored at 347 nm










0 2 4 6 8 10
 
Figure 3.20 Unfolding curves obtained by using CD and fluorescence. (a) CD 
ellipticity at 222 nm was monitored and normalized to correspond to the fraction of 
the native species as a function of urea concentration in protein unfolding and 
refolding processes. The ellipticity is the average value of 10 scans. (b) Fluorescence 
emission intensity at 343 nm (black squares) and 358 nm (red circles) following 
excitation at 280 nm and Fluorescence emission intensity at 347 nm (green triangles) 
and 358 nm (blue triangles) upon excitation at 295 nm were recorded and normalized 
to correspond to the fraction of the native species as a function of urea concentration. 
The measurements on each sample were done only once. Therefore, no error bar is 
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Figure 3.21 Comparison between unfolding curves obtained by CD and 
fluorescence emission spectroscopies. The ellipticity and fluorescence emission 
intensity values were normalized to 1 and 0 to correspond to the fraction of native 
characters that remained in various denaturing conditions. The measurements on each 
sample were done only once. Therefore, no error bar is shown for the data points. CD 
and fluorescence data are shown with red circles and black squares, respectively; and 
two-state fit of CD and fluorescence data are shown in red and green, respectively.  
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A combination of CD and fluorescence spectroscopies is often used to 
demonstrate whether the equilibrium (un)folding of a protein takes place via a 
two-state mechanism or not. A protein molecule that unfolds according to a two-state 
model is characterized by coinciding unfolding curves obtained by different 
spectroscopic techniques that track the changes using different probes in the protein 
molecule. A two-state unfolding mechanism (Equation 8) in which only native and 
denatured states are populated during the unfolding process (Pace 1986; van Mierlo et 
al. 1998) fitted remarkably well to the experimental data obtained from CD and 
fluorescence. The normalized fluorescence and CD unfolding curves appeared to 
coincide with each other (Figure 3.21). cm and m, determined from the fit of 
fluorescence data to the two-state equilibrium model are 4.14 M and 2.67 kJ/mol/M, 
respectively; and from the fit of CD data, cm and m are 4.04 M and 2.56 kJ/mol/M. 
CD and fluorescence data showed almost identical midpoints and cooperative indices 
within experimental error, which demonstrated that the unfolding of DLC1-SAM 
apparently followed a simple two-state process. 
Although valuable, CD and fluorescence spectroscopy can only monitor the 
denaturant-induced changes in the secondary structure and the local geometry around 
certain aromatic residues in a macroscopic way. It is more of interest to us to get 
microscopic information pertinent to structural changes in the unfolding process. 
NMR spectroscopy can make up for the inadequacy of optical methods, because 
multidimensional NMR spectroscopy allows exploration of structural changes in a 
residue-specific manner and thus provides a more detailed representation of protein 
unfolding. The detailed knowledge of the solution structure and NMR resonance 
assignments provided the prerequisite for studying the equilibrium unfolding by NMR 
spectroscopy. 
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3.4.3 Urea-induced equilibrium unfolding of DLC1-SAM followed by NMR 
spectroscopy 
A full picture of protein unfolding at a single amino acid residue resolution 
requires the complete assignment of the backbone amide resonances of the denatured 
DLC1-SAM. In addition, the NOE assignment of the denatured state can also provide 
insights into the structural properties of the denatured DLC-SAM. Therefore, the 
denatured protein was characterized using multi-dimensional NMR spectroscopy. 
3.4.3.1 Resonance assignment of the denatured state 
The protein sample used to assign amide resonances of the denatured SAM 
domain is SAM76. Residues 17-76 of both SAM60 and SAM76 appeared at almost 
the same positions on HSQC spectra, thus the resonance assignment of backbone 
amide groups of SAM60 can make use of the assignment of SAM76.  
It is assumed that the resonance assignment of the unfolded protein is more 
difficult than that of the native protein. In the unfolded protein, nuclei for residues of 
the same type experienced very similar magnetic environments, and the 1H dimension 
has a serious problem of chemical shift degeneracy. However, the dispersion of 15N 
chemical shifts did not change significantly upon protein unfolding, spanning about 
27 ppm. Hence, for the unfolded protein, most resonances are well separated in the 
15N dimension, which made the assignment possible. In addition, 1H chemical shifts in 
unfolded protein are very close to the random coil values, which greatly facilitated 
identification of the spin systems.  
The 15N and 1H resonances for the unfolded protein were assigned using 3D 
15N-edited TOCSY-HSQC and NOESY-HSQC spectra in a standard manner. The 
sequence-specific assignment was mainly achieved using sequential NN(i, i+1) 
NOESY cross-peaks. The NOESY spectrum is dominated by intra-residue, αN(i, i+1), 
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βN(i, i+1) and even γN (i, i+1) NOE contacts, which are typical of random coil 
conformations. NN (i, i+1) NOEs are observed in most but not all residues. The αN(i, 
i+1) NOEs also helped to confirm the sequence-specific assignment. The 1H and 15N 
chemical shifts for urea-denatured SAM76 are shown in Table 3.4. The majority of 1H 
resonances for the unfolded DLC1-SAM are very close to random coil values. 
However, several αN(i, i+3) NOE contacts characteristic of α-helical structure can be  
observed between L11 and I14, L34 and D37, and in the region spanning residues 
R56-C63 (at the beginning of fifth helix in the native protein) (Figure 3.22). The 
observation of αN(i, i+3) NOEs suggests the presence of non-random conformations 
in the unfolded state. 
The Hα chemical shift deviations from random coil values were calculated to 
identify residual secondary structures in the unfolded protein. The chemical shifts of 
residue X in model peptides G-G-X-G-G in 8 M urea and at a pH of 2.3 
(Schwarzinger et al. 2000) were used as random coil values. The sequence 
dependency of chemical shifts was eliminated by applying a correction method 
developed by Schwarzinger and co-workers. For non-proline residues, the effect of 
residue X on its neighboring residue is small and can be approximated as the effect of 
residue X on residue glycine. Thus, the effect of residue X on two residues 
immediately preceding and two residues immediately following it could be considered 
as the chemical shift variation of glycine residues in peptides G-G-X-G-G relative to 
those in a peptide G-G-G-G-G (Schwarzinger et al. 2001). For proline residues, the 
correction factors are larger; so we have to be careful about it. The effect of proline on 
the Hα chemical shifts of the residues immediately preceding it was calculated as the 
difference in chemical shifts of residue X in model peptides G-G-X-A-G-G and 
G-G-X-P-G-G (Wishart et al. 1995). The average correction factor of proline’s effect 
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Table 3.4 1H and 15N chemical shifts for urea-denatured SAM76 ([urea] = 7 M, 
pH 7.0, 25 °C) 
 
Chemical shift (ppm) 
residue 
15N NH CαH CβH Other protons 
M1 122.667 8.742 4.621 2.111, 2.19 γH, 2.699, 2.631 
C2 121.339 8.552 4.567 3.003  
R3 124.748 8.681 4.446 1.939, 1.839 γH, 1.728; δH, 3.272 
K4 123.683 8.557 4.388 1.807, 1.883 γH, 1.511 
K5 125.075 8.697 4.628 1.821, 1.923 γH, 1.579 
P6   4.507   
D7 121.238 8.579 4.711 2.727, 2.819  
T8 113.797 8.182 4.39 4.322 γCH3, 1.288 
M9 123.105 8.512 4.552 2.106 γH, 2.647, 2.569 
I10 123.166 8.352 4.248 1.921 γH, 1.251, 1.566; γCH3, 0.967 
L11 111.58 8.542 4.556 1.68, 1.744 δCH3, 1.017, 0.937 
T12 115.383 8.314 4.418 4.299 γH, 2.43; γCH3, 1.295 
Q13 122.836 8.55 4.47 2.075, 2.176 γH, 2.43 
I14 122.57 8.345 4.214 1.908 γH, 1.264, 1.544; γCH3, 0.984 
E15 125.173 8.589 4.354 2.02, 2.106 γH, 2.358 
A16 125.768 8.45 4.388 1.471  
K17 121.221 8.423 4.363 1.837, 1.904 γH, 1.514; δH, 1.744 
E18 121.548 8.579 4.345 2.144, 2.034 γH, 2.364 
A19 125.001 8.423 4.358 1.476  
C20 118.224 8.372 4.419 2.711, 2.84  
D21 123.11 8.519 4.642 2.731  
W22 120.87 7.998 4.689 3.378  
L23 122.564 7.995 4.279 1.559 γH, 1.389; δCH3, 0.919 
R24 121.523 8.171 4.313 1.907, 1.814 γH, 1.673, 1.692; δH, 3.225 
A25 125.006 8.379 4.437 1.484  
T26 112.173 8.156 4.397 4.268 γCH3, 1.24 
G27 125.774 8.323 3.97, 3.979   
F28 120.73 8.242 4.924 2.969, 3.203  
P29   4.446   
Q30 120.675 8.544 4.323 2.051, 1.973 γH, 2.286, 2.365 
Y31 120.529 8.213 4.685 2.998, 3.182  
A32 125.135 8.344 4.371 1.427  
Q33 119.716 8.397 4.339 2.002, 2.076 γH, 2.37 
L34 123.573 8.335 4.372 1.589 γH, 1.501 
Y35 120.842 8.346 4.643 2.979, 3.131  
E36 122.053 8.475 4.285 1.921, 1.999 γH, 2.263 




Table 3.4 continued 
Chemical shift (ppm) 
residue 
15N NH CαH CβH Other protons 
F38 119.944 8.155 4.594 3.038, 3.098  
L39 123.385 8.127 4.339 1.431, 1.543 γCH3, 0.926 
F40 121.444 8.271 4.866 2.995, 3.218  
P41   4.55   
I42 120.678 8.308 4.246 1.892 γH, 1.256; γCH3, 0.977 
D43 123.932 8.533 4.781 2.705, 2.858  
I44 121.803 8.245 4.262 2.028 γH, 1.306, 1.497; γCH3, 1.005 
S45 118.653 8.557 4.471 3.971  
L46 123.536 8.125 4.45 1.687, 1.746 δCH3, 1.02, 0.926 
V47 120.87 7.998 4.125 2.114 γCH3, 1.007 
K48 126.015 8.523 4.392 1.808, 1.878 γH, 1.44, 1.52; δH, 1.742 
R49 123.633 8.609 4.423 1.81, 1.89 γH, 1.681; δH, 3.239 
E50 122.252 8.7 4.311 1.963, 2.055 γH, 2.267, 2.325 
H51 119.044 8.501 4.667 3.125, 3.193  
D52 121.484 8.457 4.654 2.638  
F53 120.322 8.335 4.665 3.124, 3.205  
L54 123.779 8.307 4.403 1.584, 1.666 γH, 1.591; δCH3, 0.927 
D55 121.771 8.36 4.662 2.779, 2.857  
R56 121.484 8.457 4.225 1.881, 1.944 γH, 1.706; δH, 3.252 
D57 119.72 8.457 4.632 2.745, 2.784  
A58 123.802 8.087 4.332 1.525  
I59 119.471 8.129 4.071 1.976 γH, 1.274, 1.604; δCH3, 0.917; γCH3, 0.991
E60 123.206 8.476 4.245 2.108 γH, 2.355, 2.423 
A61 123.087 8.187 4.295 1.521  
L62 120.247 8.103 4.343 1.747, 1.806 δCH3, 0.967 
C63 118.74 8.327 4.471 3.036  
R64 122.457 8.345 4.376 1.795, 1.875 γH, 1.699; δH, 3.276 
R65 121.999 8.409 4.401 1.881, 1.934 γH, 1.699, 1.774; δH, 3.271 
L66 123.073 8.451 4.424 1.646, 1.737 δCH3, 0.996, 0.947 
N67 119.717 8.618 4.855 2.875, 2.965  
T68 114.253 8.238 4.414 4.357 γCH3, 1.288 
L69 124.009 8.327 4.434 1.676, 1.728 γH, 1.726; δCH3, 0.997 
N70 119.952 8.552 4.784 2.842, 2.933  
K71 122.316 8.476 4.391 1.845, 1.946 γH, 1.49, 1.547; δH, 1.764 
C72 120.214 8.486 4.558 3.005, 3.044  
A73 111.191 8.484 4.428 1.478  
V74 119.593 8.203 4.185 2.125 γCH3, 1.022 
M75 125.51 8.571 4.599 2.077, 2.174 γH, 2.684, 2.614 





Figure 3.22 Sequential and medium-range NOEs of denatured SAM76. NOE 
intensities are represented by the thickness of solid lines. The figure was created by 
Cyana (Herrmann et al. 2002). 
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was -0.287 ± 0.036 ppm. 
Figure 3.23 shows the corrected Hα chemical shift deviations from the 
random coil chemical shifts. Residues K5, F28 and F40 showed significant downfield 
shifts, which might result from an improper correction factor for proline residue. Most 
residues showed similar chemical shifts as those of random coil conformations, thus 
the deviation of Hα chemical shifts from random coil values is negligible for these 
residues. However, Hα chemical shifts for residues R56-E60 are smaller than the 
random coil chemical shifts, indicating the presence of α−helical propensities in this 
region. The CSI result agreed with the αN(i, i+3) NOE contacts found in the region 
spanning residues R56-E60. In the regions of residues L11-I14, L34-D37, and 
E60-C63 where several αN (i, i+3) NOE contacts are observed, the CSI result failed 
to identify the trend for regular secondary structure of α-helix. It is possible that the 
formation of α-helix in this region is transient and the population-weighed average Hα 
chemical shifts of these residues are not large enough to show a significant deviation 
from chemical shifts of random coil conformations. 
3.4.3.2 Urea-induced equilibrium unfolding monitored by NMR 
The 1H-15N HSQC NMR spectrum of a protein serves as a fingerprint of its 
conformational state. To monitor the denaturation of SAM60, a series of 17 1H-15N 
HSQC spectra at different urea concentrations were recorded under equilibrium 
conditions.  
At urea concentration of < 2 M, the HSQC spectrum of DLC1-SAM showed 
a nice dispersion of chemical shifts, which is characteristic of a folded protein (Figure 
3.24 upper panel). Only one set of peaks corresponding to the native state are 
observed; no additional peaks from other states are found (pre-transition zone). We 
also observed a progressive decrease in the volume of native cross-peak and line 
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Figure 3.23 Prediction of residual structure in denatured SAM76 using Hα 




broadening over this concentration range of urea (0 - 2 M). This phenomenon can be 
caused by changes in the exchange rate of amide protons with water at increasing urea 
concentrations, and/or changes in relaxation caused by the increase of viscosity in the 
presence of urea (van Nuland et al. 1998). For most native cross-peaks, 1H and 15N 
chemical shifts did not change significantly, implying that in the pre-transition zone 
the global α-helical structure of SAM60 is not affected. Assignment of the native 
cross-peaks under different denaturant concentration is straightforward since the 
chemical shifts changed gradually. 
In the spectra recorded at urea concentration between 2 M and 6 M, some 
extra peaks that resonate at 8.2 ± 0.3 ppm in the 1H dimension, i.e. positions expected 
for unfolded protein, are emerging. Hence, each spectrum contains two sets of 
cross-peaks, one corresponding to the native state and the other to the unfolded state 
(transition zone of unfolding), indicating that the chemical exchange between the 
native state and the unfolded state is rather slow on the NMR timescale. The volume 
of native cross-peaks progressively decreased; and the volume of unfolded 
cross-peaks gradually increased. No cross-peaks corresponding to a third species are 
observed in HSQC spectra (Figure 3.24 middle panel). Again, cross-peaks exhibited 
small urea concentration-dependent chemical shift perturbations.  
As urea concentration increased to > 6 M, the chemical shift dispersion in 
the 1H dimension is strongly reduced and converging to 8.2 ± 0.3 ppm, which is 
typical of a denatured protein (post-transition zone). Only peaks from the denatured 
state are observed in the HSQC spectra in the post-transition zone (Figure 3.24 lower 
panel). In contrast to the peaks in the pre-transition zone, increasing the urea 
concentration beyond 6 M caused slight increase in the cross-peak intensity and 




Figure 3.24 Urea concentration-dependence of HSQC spectrum of DLC1-SAM. 
Panels correspond from left to right and top to bottom to increasing concentrations of 
urea as indicated by the labels. The horizontal dimension in each panel corresponds to 
1H chemical shifts, while the vertical dimension corresponds to 15N chemical shifts. 
The protein concentration was 0.5 mM in 50 mM phosphate buffer (pH 7.0), and 3 
mM DTT, 25 ºC. Spectra were obtained as described in Materials and Methods. 
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conditions, only small urea concentration-dependent chemical shift perturbations of 
cross-peaks are observed, thus we can make use of the previous assignments of the 
denatured states.  
As mentioned above, changes in linewidth of cross-peaks are checked 
throughout the unfolding process. With increasing urea concentrations, the linewidths 
of most native peaks increased, whereas those of the denatured peaks decreased. 
Therefore, peak volume, instead of peak intensity, is used to account for the 
population of the native/denatured state. However, calculating the population of the 
native/denatured state from peak volumes is not easy, especially in the transition zone, 
since the peaks of both native and denatured forms coexisted in the same spectrum 
and some of the peaks overlapped significantly at medium urea concentrations. 
Therefore, only 47 amide groups have resolved cross-peaks of native forms and 39 
amide groups have resolved cross-peaks of denatured forms in most HSQC spectra 
recorded. A normalized fraction of the native/denatured species was calculated from 
peak volume.  
3.4.3.3 Changes in the relaxation behavior of amide groups and correction of 
cross-peak volumes 
Transverse relaxation times (T2) for amide protons (HN) and relaxation times 
in the rotating frame (T1ρ) for amide 15N were measured over the entire range of urea 
concentrations to examine the changes in the relaxation behavior of amide groups. In 
the present study, we assume the measured 15N T1ρ to be approximately equal to the 
transverse relaxation time (T2) of amide 15N.  
As can be seen from the relaxation measurements of the native protein 
(Figure 3.25a and d), both HN T2 and 15N T1ρ decreased at increasing urea 
concentrations, and the change in HN T2 is more remarkable than that of 15N T1ρ. For 
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instance, from 0 M to 4 M urea, 15N T1ρ of native L62 decreased by less than 20%, 
whereas HN T2 of native L62 decreased by ~ 50% (Figure 3.25d). The remarkable 
contrast between the decreases of HN and 15N relaxation times is caused by the 
exchange between amide protons and water molecules. As the urea concentration is 
increased, the exchange between labile amide protons and water became faster, which 
significantly increased the relaxation rate of amide protons and thus decreased the HN 
relaxation time.  
Changes in 15N T1ρ relaxation behavior of the native state could be the result 
of the increase in viscosity in the presence of urea and/or the chemical exchange 
between native and intermediate species. From Figure 3.25a, the changes in 15N T1ρ of 
different residues in the native form followed the same pattern: they all seemed to be 
linearly dependent on the urea concentration. The plots of 15N T1ρ relaxation times of 
different residues against urea concentration have nearly the same slope. We also 
plotted 15N T1ρ of native T26 against the relative diffusion constant (D) of the solution, 
which is inversely related to viscosity, η (η ∝ 1/D) (Figure 3.25b). The variation of 
15N T1ρ with the relative diffusion constant can be fitted well to a linear equation with 
a coefficient of determination of 0.94 (except for the imprecisely determined 15N T1ρ 
at 5.8 M urea), indicating that 15N relaxation time of the native state is solely 
determined by the viscosity of the solution and not by the chemical exchange between 
native and intermediate species. Therefore, the conformational exchange of amide 
groups in native and intermediate states is, if at all, extremely slow. 
The relaxation of the denatured protein behaved quite differently from that 
of the native protein in a viscous solution: HN T2 and 15N T1ρ of the denatured protein 
increased initially and then reached plateau or slightly decreased at extremely high 





Figure 3.25 Relaxation time measurements of some representative residues in 
SAM60. (a) The plot of 15N T1ρ of native T26, D43 and L62 against urea 
concentration. (b) The fit (solid line) of 15N T1ρ of native T26 to a linear equation. (c) 
The plot of 15N T1ρ of denatured T26, L62 and V74 against urea concentration. (d) 
The plot of 1HN and 15N relaxation times of native and denatured L62 against urea 
concentration. 
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on relaxation behavior result from differences in global and local motions of native 
and denatured proteins. The relaxation for the rigid native protein is most sensitive to 
the global motion characterized by a single tumbling correlation time (Jarymowycz 
and Stone 2006). One the other hand, the denatured protein is disordered and thus 
extremely flexible. It is considered as an ensemble of fast interconverting conformers 
in which every residue has a different correlation time (Buevich and Baum 1999). 
Basically, the flexibility of the denatured protein lessens the effect of viscosity on its 
relaxation (Li et al. 2008). In addition, the relaxation behavior changes of the 
denatured form may also be influenced by the intermediate chemical exchange 
between denatured and intermediate forms. Usually, at increasing urea concentrations, 
the exchange rate increases initially and then decreases until 100% denatured species 
is populated. It is likely that the influences of both solution viscosity and intermediate 
chemical exchange between denatured and intermediate forms gave rise to the 
“abnormal” changes in the relaxation behavior of the denatured protein. 
It is a well known fact that before data acquisition, NMR signals decay 
during the magnetization transfer periods. The extent to which the signals decay 
depends on the relaxation behavior of the nuclei in question. Significant changes in 
the relaxation behavior of amide groups mentioned above are bound to result in 
differences in the decaying of the signal intensity at different urea concentrations. 
Thus cross-peak volumes should be corrected so that the effect of relaxation changes 
can be eliminated. The rationale of the relaxation-dependent volume correction 
method is described in the following paragraph. 
The peak volume of an amide group observed in a 1H-15N HSQC spectrum is 
mainly determined by the protein concentration and the transverse relaxation of the 
amide group. In HSQC experiments, 15N magnetizations spent ~5 ms on the 
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transverse plane during the magnetization transfer periods, yet the relaxation effect is 
negligible since 15N T2 values for SAM60 are > 100 ms. On the other hand, before 
proton acquisition, amide proton magnetizations spent a period of time on the 
transverse plane which is comparable to the 1HN transverse relaxation time of SAM60, 
thus cannot be neglected. Before data acquisition, NMR signals are attenuated during 
magnetization transfer and gradient selection periods in the gradient-enhanced HSQC 
experiment (Kay et al. 1992). The attenuation factor (Af) is given by 
)}/2exp()/2){exp(/)24(exp(5.0 ,1,2,22 HMQHf TTTA ττδτ −+−+−= , (16) 
where τ (2.5 ms) and δ2 (1 ms) are the delays used in the INEPT and gradient 
selection periods, respectively, in the HSQC experiment (Figure 1 in ref. (Kay et al. 
1992)); T2,H and T1,H are the transverse and longitudinal relaxation times of an amide 
proton respectively; and TMQ is the average relaxation time for amide H-N multiple 
quantum coherences. For non-deuterated proteins, T2,H and TMQ are dominated by 
dipolar interactions between the amide proton and its proximal protons, i.e., TMQ ≈ 
T2,H. Since T1,H >> τ, Af can be approximated as  
]1)/2][exp(/)24(exp[5.0 ,2,22 +−+−≈ HHf TTA τδτ .   (17) 
Since Af varies from one residue to another in a protein, the peaks in an HSQC often 
have different intensities or volumes, although each peak represents only one amide. 
Only after peak volumes are properly corrected, they can be used to quantify relative 
conformer populations under a series of denaturant concentrations. The corrected 
volume (Vcr) is given by 
f
excr AVV /= ,       (18) 
where Vex is the volume of a peak measured from an HSQC spectrum. For 
DLC1-SAM, T2,H values varied from ~50 ms to ~20 ms, and Af from 0.75 to 0.49 
when urea concentrations were changed from 0 to 5 M. Thus, the correction is 
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necessary. Because urea affects not only solution viscosity but also amide-water 
hydrogen exchange, the T2,H value at one urea concentration for a given amide cannot 
be predicted from the value measured at another urea concentration. To obtain an 
accurate unfolding profile, it is necessary to measure T2,H at each urea concentration. 
Figure 3.26 shows the NMR unfolding curves of residues Q30 before and 
after correction. As can be seen from this diagram, after correction, the slopes of pre- 
and post-transition baselines became smaller than they are before correction. The 
population of the native state under urea concentration of < 1 M and the population of 
the denatured state under urea concentration of > 8 M now remained virtually 
constant. In addition, the populations of the native and denatured forms in the 
transition zone became higher than they are before correction. After correction, the 
actual populations of native and denatured forms are obtained. By analyzing the 
corrected populations, we can get more accurate (un)folding parameters, such as 
conformational stability and transition midpoint. 
It is noteworthy that, to our knowledge, no such relaxation-dependent 
volume correction of NMR cross-peaks has been made to date, although the changes 
in relaxation upon addition of denaturant are frequently observed. In the study on 
apoflavodoxin unfolding, van Mierlo and coworkers came up with a correction 
procedure in which an amino acid residue, Leu179, for which assignments in both 
native and non-native states could be obtained, was used as a reporter group. The 
correction factor was obtained by dividing the Leu179 cross-peak volume of initial 
native sample by the sum of the reduced cross-peak volumes of both native and 
non-native forms in the presence of denaturant (van Mierlo et al. 2000). This method 
may be able to correct for dilution and aggregation upon GndHCl addition, and for the 
GndHCl concentration-dependent reduction in the NMR receiver coil quality factor Q.  
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Figure 3.26 Calibration of NMR unfolding curves of Q30. (a) Native (black) and 
denatured (red) unfolding curves of Q30 before calibration. (b) NMR unfolding 
curves of residues Q30 in the native (left) and denatured (right) forms before and after 
correction. y axis is the normalized population of the native/denatured species. The 
HSQC experiment was done only once on each protein sample. The cross-peak 
volumes determined shows extremely small RMSD from the nonlinear spectral 
lineshape model (< 0.0001). Therefore, the error bars are masked by the symbols. 
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However, increased solution viscosity and protein aggregation upon the addition of 
denaturant can cause changes in relaxation times of amide groups. It is highly likely 
that changes in relaxation times of different amide groups are not the same, i.e. the 
reduction in cross-peak volume of Leu179 caused by changes in its relaxation time 
may not be the same as the reduction in cross-peak volumes of other residues. 
Therefore, that correction method is not effective for correcting the effect of 
relaxation on the cross-peak volume. Our correction method should be applicable to 
other proteins in which the relaxation behavior changes during the unfolding process. 
In this way, NMR unfolding data can be better corrected and thus unfolding 
parameters can be determined more accurately. 
3.4.3.4 Unfolding equilibrium intermediate revealed by NMR spectroscopy 
A detailed picture of urea-induced unfolding of DLC1-SAM is achieved by 
analyzing unfolding curves of native and denatured species from amide groups 
distributed all over the protein. Figure 3.27 shows the comparison between unfolding 
curves of W22 indole amide group obtained from NMR and the unfolding curve 
obtained from fluorescence data. NMR spectroscopy and fluorescence emission 
spectroscopy examined different biophysical properties of the same probe, indole ring 
of W22. The native unfolding curve obtained by NMR spectroscopy corresponded to 
the change in the population of the native species. It coincided with the unfolding 
curve obtained from fluorescence data (Figure 3.27a), suggesting that the fluorescence 
data characterized the gradual decrease in the population of the native W22 indole 
amide group alone. The agreement between the two unfolding curves also confirmed 
that the NMR data is reliable and our relaxation-dependent volume calibration method 
is effective. On the other hand, the unfolding curve corresponding to changes in the 
population of the denatured species obtained by NMR spectroscopy is different from 
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the unfolding curve obtained from the fluorescence emission intensity (Figure 3.27b). 
The values of cm and m, determined from the fit of the population of the denatured 
W22 indole amide group to the simplest two-state model (Equation 8) are 4.60 ± 0.03 
M and 2.77 ± 0.09 kJ/mol/M, respectively. From the fit of fluorescence data, cm and m 
are 4.22 ±0.03 M and 2.56 ± 0.06 kJ/mol/M. NMR and fluorescence unfolding curves 
showed obviously different midpoints, indicating that the unfolding of DLC1-SAM 
did not simply follow a two-state mechanism, otherwise the two unfolding curves 
obtained by different spectroscopic techniques should coincide and have the same 
transition midpoint.  
Additionally, transition curves for different amide groups in the native form 
did not coincide with one another (Figure 3.28a). Native unfolding curves of 47 
residues were analyzed by a two-state mechanism, and distinct cm and m values were 
yielded for different residues. The transition midpoint (cm) values ranged from 3.68 to 
4.81 M urea and the cooperative index (m) values ranged from 2.11 to 3.23 kJ/mol/M. 
Similar to what is observed for the native form, different residues in the denatured 
form also did not follow the same urea-induced unfolding transition (Figure 3.28b): 
the transition midpoints for different residues ranged from 4.57 to 5.41 M urea, and 
the cooperative index, m, ranged from 2.51 to 4.03 kJ/mol/M. Clearly individual 
residues in the native/denatured protein behaved differently during the unfolding 
process (as reflected by different cm and m values), indicating that the unfolding of 
DLC1-SAM did not follow a simple two-state process in which all amino acid 
residues in the native/denatured protein should unfold/fold concurrently (Zeeb et al. 
2004).  
For most residues with both resolved native and denatured resonances, when 
the populations of both native and denatured species are plotted one graph, there is a 
129  















 NMR of native W22.Hε1
 fluorescence





 NMR of denatured W22.Hε1
 fluorescence
 Fit of NMR denatured









Figure 3.27 Comparison between the unfolding curves of W22 indole amide 
group obtained from cross-peak volume (black square) of native (a) and 
denatured (b) forms and from the fluorescence emission intensity (red circles) at 
358 nm (excitation wavelength at 295 nm). (a) The fit of concatenate NMR of 
native form and fluorescence data is shown as a green smooth curve. (b) Independent 
fits of NMR of denatured form are shown as black and red curves. HSQC experiment 
and fluorescence measurement were done only once on each protein sample. The 
HSQC cross-peak volumes determined shows extremely small RMSD from the 
nonlinear spectral lineshape model (< 0.0001). Therefore, the error bars of NMR data 
points are masked by the symbols. 
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Figure 3.28 Transition curves for some representative residues. (a) Native 
transition curves for Y35, I44 and K76. (b) Denatured transition curves for G27, A61 
and M75. The fits of NMR data to a simple two-state mechanism are shown as 
smooth curves. HSQC experiment was done only once on each protein sample. The 
cross-peak volumes determined shows extremely small RMSD from the nonlinear 





pronounced lag between the disappearance of the native species and the appearance of 
the denatured species. Hence these two curves did not intersect at a fraction value of 
0.5 (Figure 3.29), and the sum of the populations of native and denatured forms is not 
equal to unity in the transition zone. Therefore, a third species, the intermediate, 
should exist in the equilibrium unfolding of DLC1-SAM. Thus the DLC1-SAM 
equilibrium unfolding data can be described by the simplest three-state scheme as 
follows: 
Native Intermediate Denatured⇔ ⇔ , 
in which the native state first transits to the intermediate state, then the intermediate 
state further unfolds to the denatured state. The population of the intermediate can be 
calculated by subtracting the populations of native and denatured forms from unity. 
For example, from the unfolding curves of residue G27, at urea concentration around 
4.7 M the population of the intermediate species reached its maximum of about 0.40.  
3.4.3.5 Study of the unfolding process in a residue-specific way 
A detailed picture of urea-induced unfolding of DLC1-SAM was achieved 
by analyzing unfolding curves of residues from native and denatured species which 
were well resolved in most HSQC spectra. Fitting the experimental data to Equations 
10, 11, 14 and 15 yielded unfolding parameters from 47 peaks assigned to the native 
state and 39 peaks assigned to the denatured state (Table 3.5). 
One aim of the present study is to explore the behavior of each amino acid 
residue and the stability of regions surrounding individual residues throughout the 
equilibrium unfolding process of DLC1-SAM. Gibbs free energy changes signify the 
stability in different states. The free energy change of the transition between the native 
state and non-native states (i.e. intermediate and denatured states) in the absence of 




Figure 3.29 Native (black) and Denatured (red) transition curves for residues 
G27, Q30, D43 and H51. The native and denatured transition curves of G27 intersect 
at 0.30 fraction change; Q30, 0.32 fraction change; D43, 0.38 fraction change; and 
H51, 0.39 fraction change. HSQC experiment was done only once on each protein 
sample. The cross-peak volumes determined shows extremely small RMSD from the 
nonlinear spectral lineshape model (< 0.0001). Therefore, the error bars are masked 





Table 3.5 Parameters of native (cm1, m1, ΔG10) and denatured (cm2, m2, ΔG2u) 
unfolding curves.  
 
cm1 m1 ΔG10 cm2 m2 ΔG2u 
residue value error value error value error value error value error value error
17K 3.83 0.02  2.81 0.07 10.78 0.31 -- -- -- -- -- -- 
18E 4.45 0.06  2.16 0.12 9.59 0.56 4.78 0.04  2.99  0.15 -14.28 0.72 
19A 3.94 0.03  2.99 0.12 11.77 0.52 -- -- -- -- -- -- 
20C 4.15 0.01  2.97 0.05 12.35 0.21 4.80 0.03  2.55  0.09 -12.13 0.42 
21D 3.96 0.03  2.88 0.09 11.43 0.37 -- -- -- -- -- -- 
22W 3.93 0.03  2.87 0.12 11.30 0.50 -- -- -- -- -- -- 
22W.HE1 4.29 0.02  2.58 0.06 11.07 0.29 4.60 0.03  2.77  0.09 -13.78 0.43 
23L 4.12 0.02  2.88 0.08 11.86 0.37 4.90 0.04  3.41  0.17 -15.89 0.82 
24R 4.02 0.03  2.58 0.08 10.37 0.33 4.97 0.04  2.97  0.14 -13.64 0.64 
26T 3.92 0.02  3.20 0.07 12.57 0.29 5.10 0.05  2.59  0.15 -11.54 0.69 
27G 3.73 0.04  2.22 0.09 8.29 0.38 5.41 0.06  3.04  0.20 -12.59 0.90 
28F 3.85 0.02  2.87 0.08 11.09 0.33 -- -- -- -- -- -- 
30Q 3.90 0.02  2.40 0.06 9.39 0.26 5.16 0.04  3.12  0.17 -13.76 0.75 
31Y 3.98 0.04  2.74 0.11 10.90 0.48 -- -- -- -- -- -- 
32A 3.81 0.03  2.61 0.09 9.94 0.35 -- -- -- -- -- -- 
33Q 4.40 0.04  3.11 0.14 13.68 0.65 4.96 0.04  3.12  0.16 -14.40 0.75 
34L 4.01 0.02  2.75 0.07 11.03 0.28 5.15 0.06  2.73  0.19 -12.07 0.84 
35Y 3.96 0.02  3.09 0.06 12.25 0.27 -- -- -- -- -- -- 
37D 4.03 0.02  2.89 0.08 11.65 0.33 4.77 0.05  3.40  0.23 -16.26 1.14 
38F -- -- -- -- -- -- 4.67 0.04  4.23  0.29 -20.69 1.46 
39L -- -- -- -- -- -- 4.75 0.07  4.03  0.44 -19.30 2.14 
40F 4.06 0.04  2.73 0.15 11.09 0.55 4.71 0.04  3.87  0.26 -18.76 1.28 
42I 3.84 0.03  2.72 0.09 10.45 0.38 -- -- -- -- -- -- 
43D 4.07 0.02  3.06 0.08 12.46 0.34 4.83 0.02  3.60  0.10 -17.05 0.47 
44I 3.71 0.03  2.44 0.07 9.06 0.29 4.97 0.04  2.99  0.15 -13.70 0.70 
45S 4.64 0.05  2.11 0.11 9.78 0.50 4.50 0.09  2.20  0.22 -11.16 1.02 
46L -- -- -- -- -- -- 4.59 0.02  3.59  0.11 -17.89 0.56 
47V 4.11 0.03  2.67 0.08 10.98 0.33 -- -- -- -- -- -- 
48K 4.34 0.04  2.95 0.14 12.76 0.66 5.00 0.04  2.63  0.12 -11.99 0.56 
49R 3.69 0.03  2.50 0.09 9.22 0.34 -- -- -- -- -- -- 
50E 3.94 0.03  2.68 0.09 10.54 0.36 4.99 0.04  3.05  0.16 -13.97 0.75 
51H 3.87 0.03  2.71 0.09 10.50 0.37 4.61 0.03  2.94  0.13 -14.55 0.67 
52D 3.87 0.02  2.74 0.07 10.58 0.30 -- -- -- -- -- -- 
53F 3.81 0.03  2.52 0.08 9.60 0.34 5.07 0.03  3.07  0.12 -13.79 0.58 
54L -- -- -- -- -- -- 4.72 0.02  2.91  0.07 -14.12 0.35 
Continued next page
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Table 3.5 continued 
cm1 m1 ΔG10 cm2 m2 ΔG2u 
residue value error value error value error value error value error value error
55D -- -- -- -- -- -- 4.50 0.04  2.66  0.15 -13.49 0.78 
58A 4.33 0.02  3.02 0.06 13.09 0.30 4.78 0.03  2.51  0.07 -12.01 0.36 
59I -- -- -- -- -- -- 4.80 0.04  3.26  0.20 -15.52 0.96 
60E 4.36 0.05  2.74 0.16 11.96 0.73 -- -- -- -- -- -- 
61A 4.70 0.04  3.24 0.16 15.18 0.80 4.57 0.03  2.53  0.09 -12.62 0.44 
62L 4.04 0.03  3.20 0.11 12.92 0.49 4.66 0.03  2.64  0.08 -12.97 0.43 
63C 3.94 0.02  3.07 0.06 12.13 0.27 4.81 0.04  2.48  0.13 -11.79 0.59 
64R 4.56 0.06  2.90 0.23 13.21 0.97 4.64 0.09  2.07  0.19 -10.22 0.87 
65R 3.97 0.02  2.76 0.07 10.95 0.28 -- -- -- -- -- -- 
66L 3.93 0.02  3.02 0.08 11.90 0.35 -- -- -- -- -- -- 
67N 4.02 0.02  3.23 0.08 12.97 0.35 4.95 0.05  2.54  0.15 -11.74 0.71 
68T 3.77 0.02  2.73 0.06 10.27 0.25 5.05 0.03  2.73  0.10 -12.29 0.48 
69L 3.93 0.03  2.68 0.08 10.54 0.35 4.98 0.05  3.20  0.21 -14.61 1.01 
70N 4.20 0.02  2.97 0.07 12.48 0.30 4.91 0.05  2.20  0.12 -10.22 0.51 
71K 3.93 0.02  2.89 0.08 11.36 0.34 -- -- -- -- -- -- 
72C -- -- -- -- -- -- 5.04 0.05  2.53  0.17 -11.46 0.69 
73A -- -- -- -- -- -- 4.89 0.05  2.92  0.15 -13.62 0.74 
74V 4.16 0.04  3.51 0.21 14.62 0.95 4.84 0.03  2.57  0.08 -12.16 0.40 
75M 4.00 0.05  2.38 0.13 9.56 0.56 4.86 0.04  2.89  0.14 -13.55 0.68 






residue in the native state compared to the non-native states. Higher ΔG10 values 
correspond to regions with a higher stability in the native state. The ΔG10 values 
exhibit two sets of values (Figure 3.30a). The average ΔG10 value for residues from 
the N-terminal part of the sequence (from K17 to F53) was 10.91 kJ·mol-1, whereas 
the average ΔG10 value for residues from the C-terminal part of the sequence (A58 to 
K76) was 12.18 kJ·mol-1. Residues A58 – K76 correspond to the long C-terminal 
helix. The higher average ΔG10 value for this part of the protein suggests that the 
C-terminal helix is slightly more stable than other parts of the protein, which is 
consistent with the solution structure of native DLC1-SAM wherein all other three 
helices have extensive contacts and interactions with the long C-terminal helix, yet 
not many interactions are found amongst these three helices. Also, the greater number 
of H-bonds formed in this longer C-terminal helix could also contribute to the stability 
of this helix. 
The free energy value obtained from the fluorescence data was 11.03 kJ/mol, which is 
nearly the same as the free energy obtained from the disappearing of the native W22 
indole amide group, 11.07 kJ/mol (Table 3.5). This suggests that the intermediate 
species has a fluorescent property more similar to that of the denatured species than 
the native species. The free energy obtained from the CD data was 10.33 kJ/mol; 
while the average free energy obtained from the disappearing of native NMR signals 
was 11.34 kJ/mol. The difference may result from the fact that CD measures the 
changes in the secondary structure, while NMR measures the changes in both 
secondary and tertiary structures. 
The free energy change of the transition from the non-denatured states (i.e. 
native and intermediate states) to the denatured state, ΔG2u , was determined to 
evaluate the stability of the non-denatured state relative to the denatured state in 
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Figure 3.30 The variation of free energy values  (ΔG10 and ΔG2u) along the protein 
sequence. (a) The average ΔG10 of the N- and C-terminal parts of the protein are 
shown as straight lines. (b) Residues 37-40 are enclosed in a box. The helical 
secondary structures are illustrated as grey rectangles. 
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different regions of DLC1-SAM under an extreme denaturing condition. Low 
ΔG2u  values refer to residues located in regions which more readily unfold or which 
have a low stability in the non-denatured states. The variation of ΔG2u values along 
the protein sequence is shown in Figure 3.30b. It is noteworthy that the regions 
surrounding residues D37 – F40 had lower ΔG2u  values, indicating that these regions 
are less stable in the native and intermediate states and much more readily denatured 
at high urea concentration. These residues happen to locate around the FL motif of 
DLC1-SAM (F38 and L39) which is responsible for binding to EF1A1 (Zhong et al. 
2009), insinuating that the stability of this region might have something to do with the 
biological function of the protein. However, this hypothesis has yet to be verified. 
Some other residues, i.e. D43 and L46, also have low ΔG2u values; but they appear to 
be slightly distant from the aforementioned region in space (Figure 3.31), therefore, 
are not likely a part of the motif.  
Transition midpoints are indicators of the sequence of events in equilibrium 
unfolding. The midpoints of the transition from the native state to non-native states 
(cm1) for different residues are shown in Figure 3.32 (solid squares). These residues 
showed quite diverse transition midpoints, indicating that the unfolding of the native 
state was non-cooperative. Most of the residues have cm1 values of ~ 4 M urea, same 
as those obtained by the global analysis of the optical data. On the other hand, a 
minority of residues (E18, S45, A61, R64 and K76) had larger cm1 values. For these 
residues, their cm1 values are comparable to their respective cm2 values. It seems that 
the unfolding of these residues is governed by an apparent two-state mechanism, and 
the decrease of the native population of these residues mirrors the increase of the 
denatured population of the same residue (Figure 3.33). It is possible that for these 





Figure 3.31 A part of the van der Waals surface of DLC1-SAM illustrating 
potential protein-protein association interfaces. The side chains are colored as 
green = hydrophobic, blue = basic, red= acidic and grey = polar (and main chain). 
This figure is created with MOLMOL (Koradi et al. 1996). 
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Figure 3.32 The variation of cm1 (solid squares) and cm2 (open squares) values  
along the protein sequence. E18, S45, A61, R64 and K76 are enclosed in a box. The 
helical secondary structures are illustrated as grey rectangles. 
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Figure 3.33 Plots of the fractions of native (open squares), denatured (open 
circles) species, and the sum of the populations of both species (open triangles) 
for residues A61 and K76 against urea concentration. Unity is highlighted using 
dashed lines. The HSQC experiment was done only once on each protein sample. The 
cross-peak volumes determined shows extremely small RMSD from the nonlinear 




reflected by the transition curves. It is also possible that these residues maintain a 
native-like conformation in the intermediate state, hence the apparent population of 
the native species corresponds to the sum of the native and intermediate states. 
According to the variation of cm2 values, the formation of the denatured state is also 
not cooperative (Figure 3.32). The non-cooperative equilibrium unfolding probably 
results from the extensive tertiary interactions in the globular DLC1-SAM. Such 
non-cooperative unfolding is frequently observed for globular α-helical proteins 
(Wijesinha-Bettoni et al. 2001). However, for some elongated non-globular protein 
which lacks significant tertiary interactions, the equilibrium unfolding is usually 
concerted for all amino acid residues (Zeeb et al. 2002). 
3.4.4 No aggregation for the equilibrium unfolding intermediate: the 
sedimentation velocity studies 
Usually, off-pathway associated intermediate states are often formed in the 
unfolding process (van Mierlo et al. 2000; Garcia et al. 2002). Therefore, 
sedimentation velocity experiments were carried out to find out whether 
oligomerization of the intermediate state existed in the unfolding process of 
DLC1-SAM. Sedimentation velocity is particularly useful for detecting protein 
aggregates in protein samples, characterizing their size and quantifying their amounts. 
A major advantage of this method over size-exclusion chromatography is that 
experiments can withstand extremely harsh conditions such as concentrated 
denaturant and can be performed over a fairly wide range of pH and ionic strength 
conditions.  
Figure 3.34 shows a number of scans across the centrifuge cell, recording the 
absorbance at 280 nm at different positions within the cell using the native protein 



















Figure 3.34 A number of scans across the centrifuge cell. The y axis is the 
absorbance at 280 nm at different positions within the cell.
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meniscus. In the first run, the sedimentation does not significantly deplete the protein 
concentration. The absorbance at different positions within the cell is almost uniform. 
Later, the protein is depleted in the region near the meniscus and forms a 
sedimentation boundary between the depleted region and the uniform concentration of 
the sedimenting solute. Due to the small molecular weight of DLC1-SAM, the 
sedimentation boundary is not as clear as the boundary of large proteins. At later runs, 
the boundary progresses down the cell and is broadened from diffusion. Measurement 
of the rate at which the sedimentation boundary moves leads to the determination of 
the sedimentation coefficient of the protein. The sedimentation coefficient depends on 
the molecular weight and shape of proteins. Proteins of high molecular weight have 
higher sedimentation coefficients. Proteins with less compact structure, such as 
unfolded proteins or molten globule, experience stronger hydrodynamic friction and 
sediment slowly. Thus these proteins tend to have smaller sedimentation coefficients 
than a folded, globular protein of the same molecular weight.  
Sedimentation velocity experiments were performed on protein samples in the 
presence of 0 M, 4 M and 8 M urea. The samples at 0 M and 8 M urea concentration 
corresponded to native and completely denatured forms, respectively; and at 4 M urea, 
the sample contained large amount of intermediate form. Analytical 
ultracentrifugation data are show in Figure 3.35. The data analysis for all three 
samples looked excellent, with low RMSD values and no systematic deviation shown 
in the residuals bitmaps. In the distribution plot of all three samples, we can see only 
one distinct peak. There is no sign of the presence of other faster sedimenting species, 
which indicated that large protein aggregates did not exist in any of these three protein 
samples. The native sample has a frictional ratio of 1.28, suggesting that the native 
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Figure 3.35 The processed analytical ultracentrifugation data of DLC1-SAM in 
the native form (a), denatured form (b) and in the presence of 4 M urea (c). The 
plot of fitted curves is drawn in the upper panel. The residuals bitmap and residuals 
plot are shown in the middle. The distribution of the sedimentation coefficients is 
plotted in the lower panel. 
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sedimentation coefficient of 1.01 S, corresponding to a protein of size 7,564 ± 1,312 
Da, which matched the expected value (7,738 Da) well within 3% error. The protein 
sample in the presence of 8 M urea has a frictional ratio of 2.03 which is characteristic 
of a denatured polypeptide chain. The peak is found at sedimentation coefficient of ~ 
0.1 S, corresponding to a molecular weight of 5,633 ± 4,537 Da. At intermediate urea 
concentration, the protein sample is a mixture of the native, intermediate and the 
unfolded species. The value at the left end of the x axis is going up because the rotor 
speed is too small to discriminate the smallest species from the baseline; the left limit 
of the distribution is meaningless and has no effect on the rest of the distribution. The 
frictional ratio of this sample is 1.61 and the peak is centered at a sedimentation 
coefficient of ~0.7 S (corresponding to a molecular weight of 10,022 ±1,284 Da).   
The sedimentation velocity method is supposed to be capable of detecting changes in 
protein conformation in native and extremely denaturing conditions; however, due to 
the small size of DLC1-SAM and the limitation of the rotor speed, the peaks for 
native, intermediate and denatured species at 4 M urea overlap and become 
indistinguishable from one another. Although the difference between the 
sedimentation coefficients of native and unfolded species seems large enough to 
resolve these two peaks, bear in mind that the viscosity of the solution also affects the 
sedimentation coefficient. The sedimentation coefficient of the native species at 4 M 
urea should be lower than that in the native condition; whereas the sedimentation 
coefficient of the denatured species at 4 M urea should be higher than that in the 
presence of 8 M urea.  
The molecular weight of the native protein calculated by analytical 
ultracentrifugation data is quite close to the actual native protein molecular weight. 
Nevertheless, the calculated molecular weight of non-native species deviated 
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significantly from the actual molecular weight of DLC1-SAM. For the denatured 
sample, it is because the small size of the protein and the large frictional ratio of the 
denatured protein made the peak position very close to zero. The sedimentation 
coefficient of the denatured protein became inaccurate and gave rise to the large 
deviation from the actual protein molecular weight. This is also true for the protein 
sample in the presence of 4 M urea. It is also possible that the oligomerization of the 
intermediate species made the measured molecular weight of the sample in 4 M urea 
much larger than that of DLC1-SAM monomer. However, as can be seen from the 
distribution plot of this sample, the right end of the sample peak is at the 
sedimentation coefficient of ~ 0.9, corresponding to a molecular weight of 16.7 kDa. 
Therefore, even if the intermediate oligomer indeed exists, the size of the oligomer 
should not exceed that of a trimer. 
Taken together, from sedimentation velocity results, we have been able to 
confirm that fast sedimenting protein aggregates are not present in any of the protein 
samples. Particularly, even if the intermediate species self-associated, the intermediate 
oligomer could not be larger than a trimer. Therefore, the absence of peaks for the 
intermediate species in the HSQC spectra under intermediate urea concentrations is 
not caused by the formation of large protein aggregates. 
3.4.5 The properties of the equilibrium unfolding intermediate 
The urea-induced equilibrium unfolding of DLC1-SAM was studied by CD, 
fluorescence and NMR spectroscopy. CD data which reports the changes in the 
secondary structure of DLC1-SAM upon unfolding coincided with the fluorescence 
data which revealed the alteration in the local environment of two tyrosine residues 
and a tryptophan residue, suggesting that the protein unfolds following a simple 
two-state model. However, NMR results suggested otherwise: the lag between the 
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disappearance of peaks corresponding to the native form and the appearance of peaks 
corresponding to the denatured form implied that at least one intermediate form 
accumulates at intermediate urea concentrations. The presence of the intermediate 
species indicates that high-energy transition barriers exist for the formation of the 
intermediate species.  
Cross-peaks expected for the intermediate form are absent in all HSQC 
spectra recorded at urea concentrations from 0 M to 9.6 M. From the sedimentation 
velocity experiments, we have been able to confirm that the intermediate species does 
not self-associate to form large aggregates, which rules out the possibility that the 
formation of large protein aggregates caused the absence of peaks from the 
intermediate species. It is most likely that the intermediate state is an ensemble of 
structures which interconvert on a millisecond timescale and the conformational 
interconversion gives rise to the intermediate exchange among the intermediate 
conformers on the chemical shift timescale (Schulman et al. 1997). As a result, the 
cross-peaks of the intermediate species are too broad to be detected by NMR 
spectroscopy. Even so, some spectroscopic properties of the intermediate form can 
still be inferred.  
The intermediate form of DLC1-SAM is different from the so-called 
“molten globule” form which is often observed in the (un)folding process of globular 
proteins. The molten globule has an appreciable content of secondary structure, but 
lacks native tertiary interactions. The coincidence of CD and fluorescence data 
suggests that the DLC1-SAM intermediate is not molten globule-like. The unfolding 
curve obtained from fluorescence data is in close agreement with the disappearing of 
the native indole amide of W22 (Figure 3.27), suggesting that the fluorescent property 
of the intermediate state is similar to that of the denatured state.  
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3.4.6 Equilibrium unfolding of different SAM domains 
In addition to the unfolding of DLC1 SAM domain, the equilibrium 
unfolding of the SAM domains of p73 (p73-SAM) and Ste11 (Ste11-SAM) have also 
be studied previously (Barrera et al. 2002; Bhunia et al. 2008). Temperature, chemical, 
and pH-induced unfolding of p73-SAM was studied macroscopically using CD, 
fluorescence, Fourier transform infrared spectroscopy and differential scanning 
calorimetry (Barrera et al. 2002). Those probes have indicated that p73-SAM folded 
via a two-state mechanism, other than the three-state mechanism governing the 
unfolding of DLC1-SAM. This is not surprising since DLC1-SAM is a unique 
member in SAM superfamily. It has a bundled structure instead of a globular structure 
that is adopted by many other SAM domains including p73-SAM (Zhong et al. 2009). 
The variation in the 3D structure of these SAM domains is expected to result in 
differences in the unfolding properties. All the probes for studying the unfolding of 
p73-SAM only monitor the changes in biophysical properties in the unfolding process 
macroscopically; however, it is of more interest to examine the unfolding of SAM 
domains in detail, at a higher resolution that can be achieved by NMR spectroscopy. 
The residues-specific unfolding of Ste11-SAM was investigated using NMR. Based 
on the coinciding unfolding transition curves of many residues corresponding to 
different regions of the native conformation, the authors claimed that the unfolding of 
Ste11-SAM was highly cooperative without any intermediate species. The transition 
may be cooperative; yet the presence of intermediate state cannot be ruled out, since it 
has been suggested that sometimes the native state unfolds and evolves into the 
intermediate state cooperatively (van Mierlo et al. 2000; Garcia et al. 2002). In 
addition, the characterization of the unfolding of a protein at the residue level requires 
the complete assignment of the backbone amide resonance of the fully denatured 
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protein. Without resonance assignment of the denatured protein, an incomplete or 
even biased description of the molecular details of the unfolding transitions would be 
inevitable. That is why we have examined not only the population decrease of the 
native species but also the population increase of the denatured species. The lag 
between the disappearing of the native species and the emerging of the denatured 
species revealed the presence of at least one relatively stable intermediate state at 
moderate urea concentrations. Our study has provided a very comprehensive 
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Chapter 4 Conclusion and future work 
To extend our knowledge on SAM domain, we have studied the structure, stability 
and equilibrium unfolding of the SAM domain of DLC1. DLC1-SAM has only 76 
residues and shares very low sequence homology with other SAM domains. The 
solution structure of DLC1-SAM revealed a new monomeric fold with four 
approximately parallel helices, distinct from the canonical five-helix globular 
structure of almost all other SAM domains.  
The urea-induced (un)folding of DLC1-SAM was studied by various 
biophysical methods, such as CD, fluorescence emission spectroscopy and NMR. The 
unfolding curves obtained by CD and tryptophan intrinsic fluorescence emission 
coincided, suggesting a simple two-state folding mechanism. However, NMR data 
revealed the presence of at least an intermediate state involved in the equilibrium 
unfolding. The intermediate does not form large aggregates, and probably has 
spectroscopic properties similar to those of the denatured state. The detailed 
information about the unfolding transitions is obtained by fitting the NMR data to the 
simplest two-state mechanism. The transition from the native to the non-native states 
and the transition from the non-denatured to the denatured states are not cooperative. 
The results obtained from NMR spectroscopy function as beacons in DLC1-SAM 
unfolding and reflect the relative stabilities of different regions in each state during 
urea-induced unfolding. The study on the equilibrium unfolding of this excellent 
model provides new insights into the elementary equilibrium folding processes of 
DLC1-SAM. 
However, the present study has very weak evidence for the persistence of 
residual structures in the denatured form. Some residues (L34 and A58) that form the 
stabilization center of the intermediate state are located in these regions. Thus, 
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residual structures in the denatured state might be the initialization site of the folding 
of DLC1-SAM. In the future, the residual structures should be studied to a further 
extent. We should get more NMR derived parameters for the denatured DLC1-SAM 
and check Cα and Cβ chemical shift deviations from those of the random coil, and try 
to combine these observations to obtain information about residual structures. If 
possible, we should study the kinetic unfolding of DLC1-SAM and combine the 
detailed kinetic data with the equilibrium results in this thesis to further illustrate 
whether a folding intermediate is present or not during the (un)folding of 
DLC1-SAM. 
To summarize, the DLC1-SAM is a special member of the SAM domain 
super family as it has a solution structure that is unique among SAM domain 
structures. Good NMR properties of DLC1-SAM make it a very good model to study 
equilibrium unfolding of small proteins with a similar fold. The exploration of the 
folding of DLC1-SAM should have a profound impact on the unfolding studies of 
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